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I n v e s t i g a t i o n  of problems r e l a t e d  t o  t h e  des ign  and c o n t r o l  of 
a mobile  p l a n e t a r y  v e h i c l e  t o  implement a sys t ema t i c  p l a n  f o r  t h e  
e x p l o r a t i o n  of Mars has  been undertaken. Problem areas r e c e i v i n g  
a t t e n t i o n  inc lude :  v e h i c l e  conf igu ra t ion ,  c o n t r o l ,  dynamics, systems 
and propuls ion;  systems a n a l y s i s ;  nav iga t ion ,  t e r r a i n  modeling and 
p a t h  s e l e c t i o n ;  and chemical a n a l y s i s  of specimens. The fo l lowing  
s p e c i f i c  t a s k s  have been under s tudy :  v e h i c l e  model design,mathema- 
t i ca l  modeling of dynamic v e h i c l e ,  exper imenta l  v e h i c l e  dynamics, 
o b s t a c l e  n e g o t i a t i o n ,  e lec t romechanica l  c o n t r o l s ,  c o l l a p s i b i l i t y  and 
deployment, c o n s t r u c t i o n  of a wheel  tester,  w h e e l  a n a l y s i s ,  payload 
des ign ,  system des ign  op t imiza t ion ,  e f f e c t  of des ign  assumptions,  
accessory  opt imal  des ign ,  on-board computer subsystem, l a s e r  range 
measurement, d i s c r e t e  obs t ac l e  d e t e c t i o n ,  o b s t a c l e  d e t e c t i o n  systems, 
t e r r a i n  modeling, pa th  s e l e c t i o n  system s imula t ion  and e v a l u a t i o n ,  gas  
chromatograph/mass spectrometer  system concepts ,  chromatograph model 
e v a l u a t i o n  and improvement and t r a n s p o r t  parameter eva lua t ion .  
These t a s k s  a r e  def ined  in  d e t a i l  and t h e  progress  which has  been 
achieved dur ing  t h e  per iod July 1, 1971 t o  June 30, 1972 i s  summarized. 
P r o j e c t i o n s  of work t o  be undertaken i n  c e r t a i n  areas dur ing  t h e  per iod  
J u l y  1, 1922 t o  June 30, 1973 are included. 
. . .  
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Analysis  and Design of a Capsule Landing System 
and Surface Vehicle  Control  System f o r  Mars Exp lo ra t ion  
I. In t roduc t ion  
Current  n a t i o n a l  g o a l s  i n  space  e x p l o r a t i o n  inc lude  a d e t a i l e d  s tudy  
and examination of t h e  p l a n e t  Mars. The e f f e c t i v e n e s s  of Mars e x p l o r a t i o n  
mis s ions  would be  enhanced according t o  t h e  e x t e n t  t o  which t h e  i n v e s t i g a t i v e  
dev ices  which a r e  landed are mobile, t o  t h e  range of t h e i r  mob i l i t y ,  and t o  
t h e  a b i l i t y  t o  c o n t r o l  t h e i r  motion. 
t ives ,  and beyond t h a t ,  t o  maximize t h e  r e t u r n  on t h e  commitment of r e sources  
t o  t h e  miss5on, formidable  t e c h n i c a l  problems must be reso lved .  The major 
f a c t o r  c o n t r i b u t i n g  t o  t h e s e  problems i s  t h e  round t r i p  communications t i m e  
de l ay  between mar t i an  and e a r t h  c o n t r o l  s t a t i o n s  which varies from a minimum 
of about  9 minutes t o  a maximum of 25  minutes .  This  t i m e  de lay  imposes str in- 
gen t  requirements  on t h e  v e h i c l e ,  on i t s  c o n t r o l  and communication systems and 
on those  systems included on board t o  make t h e  s c i e n t i f i c ,  measurements, i n  
terms of t h e i r  a b i l i t y  t o  f u n c t i o n  autonomously. 
t o  o p e r a t e  wi th  a h igh  degree of r e l i a b i l i t y  and must be capable  of c a l l i n g  
f o r  e a r t h  c o n t r o l  under appropr i a t e  c i rcumstances.  
In o rde r  t o  achieve  b a s i c  miss ion  objec-  
These systems must be a b l e  
A number of important problems o r i g i n a t i n g  w i t h  t h e s e  f a c t o r s  and 
r e l a t i n g  d i r e c t l y  t h e  b a s i c  miss ion  o b j e c t i v e s  of an unmanned e x p l o r a t i o n  of 
Mars have been and a re  c u r r e n t l y  being i n v e s t i g a t e d  by a f a c u l t y - s t u d e n t  pro- 
ject team a t  Rensselaer  Polytechnic  I n s t i t u t e  w i th  t h e  suppor t  of NASA 
NGL-33-018-091. 
This  p rogres s  r e p o r t  desc r ibes  t h e  t a s k s  which have been undertaken 
and documents t h e  progress  which has been achieved i n  t h e  i n t e r v a l  J u l y  1, 
1971 t o  June 30, 1972. 
11. D e f i n i t i o n  of Tasks 
The de lay  t i m e  i n  round t r i p  communication between Mars and Ea r th  
g i v e s  rise t o  unique probl-ems r e l v a n t  t o  mar t ian  and/or  o t h e r  p l ane ta ry  
exp lo ra t ions .  All phases of t h e  mission from landing t h e  capsu le  i n  t h e  
neighborhood of a d e s i r e d  p i s i t i o n  t o  t h e  sys temat ic  t r a v e r s i n g  of t h e  sur -  
face and t h e  a t t e n d a n t  d e t e c t i o n ,  measurement, and a n a l y t i c a l  o p e r a t i o n s  
must b e  consummated w i t h  a minimum of c o n t r o l  and i n s t r u c t i o n  by e a r t h  based 
u n i t s .  The de lay  t i m e  r e q u i r e s  t h a t  on board systems capab le  of making 
r a t i o n a l  d e c i s i o n s  be developed and t h a t  s u i t a b l e  p recau t ions  b e  taken a g a i n s t  
p o t e n t i a l  c a t a s t r o p h i c  f a i l u r e s .  Four major t a s k s  areas, which a re  i n  t u r n  
d i v i d e d  i n t o  appropr i a t e  sub- tasks ,  have been def ined  and are l i s t e d  below. 
A.  Vehicle  Conf igura t ion ,  Control,  Dynamics, Systems and Propuls ion.  
The o b j e c t i v e s  of t h i s  t a sk  are t o  i n v e s t i g a t e  problems r e l a t e d  
t o  t h e  des ign  of a roving v e h i c l e  f o r  Mars e x p l o r a t i o n  wi th  
r e s p e c t  t o  conf igu ra t ion ;  motion and a t t i t u d e  c o n t r o l ;  o b s t a c l e  
avoidance; c o n t r o l ,  information and power systems;  and propuls ion  
systems. In a d d i t i o n ,  the  des ign  concepts  must accommodate t h e  
equipment and ins t ruments  r equ i r ed  t o  automate t h e  v e h i c l e  and t o  
perform t h e  s c i e n t i f i c  ob jec t ives  of t h e  mission.  
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B. 
C. 
D. 
General Systems Analysis.  The o b j e c t i v e  of t h i s  t a s k  i s  t o  
develop a framework wi th in  which d e c i s i o n s  i n  des ign  invo lv ing  
c o n f l i c t i n g  requirements  can be  made r a t i o n a l l y  and i n  t h e  con- 
t ex t  of t h e  whole system and mission.  Re la t ionsh ips  between 
a l t e r n a t i v e  mission p r o f i l e s  and s p e c i f i c a t i o n s  and weight ,  
energy and space a l l o c a t i o n  and management w i l l  be  sought.  ' 
Surface  Navigat ion and Path Control .  Once t h e  c a p s u l e  i s  landed 
and t h e  roving v e h i c l e  i s  i n  an  o p e r a t i o n a l  s ta te ,  it is  neces- 
sary t h a t  t h e  v e h i c l e  can be d i r e c t e d  t o  proceed under remote 
c o n t r o l  from t h e  landing  s i t e  t o  s p e c i f i e d  p o s i t i o n s  on t h e  
mar t i an  sur face .  This  t a s k  i s  concerned w i t h  t h e  problems of 
t e r r a i n  modeling, pa th  s e l e c t i o n  and nav iga t ion  between t h e  
i n i t i a l  and t e rmina l  s i t e s  when major t e r r a i n  f e a t u r e s  preclud-  
i n g  d i r e c t  pa'ths are t o  be a n t i c i p a t e d .  
c a p a b i l i t y  must be  designed t o  minimize e a r t h  c o n t r o l  respons i -  
b i l i t y  except  i n  t h e  most adverse  ci rcumstances.  
On board d e c i s i o n  making 
Chemical Analysis  of Specimens. 
s u r f a c e  e x p l o r a t i o n  w i l l  be  t o  o b t a i n  chemical ,  biochemical  o r  
b i o l o g i c a l  information.  Many experiments proposed f o r  t h e  
miss ion  r e q u i r e  a genera l  du ty ,  gas  chromotograph-mass spec t ro -  
meter f o r  chemical  ana lys i s .  The o b j e c t i v e  of t h i s  task i s  t o  
gene ra t e  fundamental  d a t a  and concepts  r equ i r ed  t o  opt imize t h i s  
chemical  a n a l y s i s  sys  t e m .  
A major o b j e c t i v e  of mar t i an  
111. Summary of Resu l t s  
Task A .  Vehicle  Configurat ion,  Control ,  Dynamics, Systems and Propuls ion 
This  broad t a s k  has  been d iv ided  i n t o  t h e  fo l lowing  sub ta sks :  v e h i c l e  
model des ign ,  mathematic modeling of v e h i c l e  dynamics, exper imenta l  dynamiqs 
a n a l y s i s ,  o b s t a c l e  n e g o t i a t i o n ,  e lec t romechanica l  c o n t r o l  systems, c o l l a p s i b i -  
l i t y  and deployment, wheel t e s t i n g  appa ra tus ,  wheel a n a l y s i s  and payload des ign .  
A b r i e f  summary of t h e  p rog ie s s  achieved i n  t h e  p r i o r  i n t e r v a l  i n  each of t h e s e  
areas fo l lows  below. 
A.1.a .  Vehicle  Model Design 
A new phase i n  t h e  design of a v e h i c l e  model w a s  undertaken 
du r ing  t h i s  per iod  t o  overcome d e f i c i e n c i e s  i n  t h e  f i r s t  gene ra t ion  
model. The major change has  been i n  t h e  des ign  of t h e  rear wheel 
suspens ion  system which now involves  a t o r s i o n  b a r  concept.  This  
change should improve t h e  dynamic c h a r a c t e r i s t i c s  as w e l l  as t o  
permi t  an e f f e c t i v e  c o l l a p s i b i l i t y  and deployment system. Although 
t h e  new des ign  e l i m i n a t e s  t h e  o r i g i n a l  three-wheeled o p e r a t i n g  mode 
f o r  t h e  v e h i c l e  which permit ted cons ide rab le  f l e x i b i l i t y  f o r  maneuver 
and o b s t a c l e  avoidance, t h e  new arrangement can a l so  be used t o  over- 
come unusual  t e r r a i n  f e a t u r e s  through a s h i f t - b a c k  maneuver. On t h e  
b a s i s  of dynamic s t u d i e s  of the  0.184 model of t h e  new v e h i c l e ,  it 
w a s  concluded t h a t  a 0.4 model should b e  cons t ruc t ed  f o r  t e s t i n g  and 
eva lua t ion .  
d *. 
A. 1.b. Mathematical  Model of Dynamic System 
The mathematical  modeling of t h e  dynamics of t h e  v e h i c l e  has  
been completed. On t h e  b a s i s  of p r e d i c t i o n  of response o f  t h e  
v e h i c l e  t o  p e r i o d i c  d is turbances ,  conclus ions  w i t h  regard t o  dampen- 
i n g  components have been drawn and are be ing  considered i n  t h e  
des ign  of t h e  0.4 model. 
. 
A. 1.c. Dynamic Analysis  
Experimental  dynamic a n a l y s i s  of t h e  0.184 model has  v e r i f i e d  
t h e  mathematical  model except f o r  a coupl ing  which i s  be l i eved  t o  
be due t o  imperfect  symmetry of t h e  rear wheel sp r ing  rates and 
weight  d i s t r i b u t i o n .  Improvements i n  t h e  t o r s i o n  b a r  dampener as 
w e l l  as adjustments  i n  t h e  v e h i c l e  s p r i n g  ra tes  are ind ica t ed  if an 
e x c e p t i o n a l  dynamic behavior  is  t o  be achieved. 
A.1.d. Ob s t ac l e  Nego t ia t i.on 
A number of t o o l s  f o r  detennining l i m i t i n g  va lues  of o b s t a c l e  
n e g o t i a t i n g  c a p a b i l i t i e s  of roving v e h i c l e s  have been developed. 
Computer programs r e l a t i n g  the wheel to rque  and c o e f f i c i e n t  oE 
f r i c t i o n  r equ i r ed  t o  n e g o t i a t e  s t e p ,  crevasse and s lope  o b s t a c l e s  
have been developed. Vehicle  harigup can  now b e  p red ic t ed  from con- 
f i g u r a t i o n a l  parameters  and obs t ac l e  d e s c r i p t i o n s .  These t o o l s  can 
now be used t o  d e f i n e  t h e  c r u c i a l  MRV dimensions and t o  provide 
q u a n t i t a t i v e  comparisons between a l t e r n a t i v e  v e h i c l e  concepts .  
A. 1.e. Electromechanical  Controls 
Cont ro l  systems f o r  t h e  0.184 RPI  MRV model f o r  payload level- 
i n g ,  s t e e r i n g  and rear wheel motion have been developed. Some 
m o d i f i c a t i o n  of t h e s e  systems f o r  t h e  0.4 scale v e h i c l e  w i l l  be 
r equ i r ed  i n  t h e  fu tu re .  
A . 2 .  Col l a p s  i b  i l i t y  and Deployment 
The c o l l a p s i b i l i t y  and deployment of t h e  RPI  MRV des ign  has  
been s tud ied .  On t h e  b a s i s  of t h e s e  s t u d i e s ,  more r e l i a b l e  des ign  
c o n s t r a i n t s  can be def ined  and are r e f l e c t e d  i n  t h e  p re sen t  MRV 
conf igu ra t ion .  Considerat ion has  been given t o  t h e  c o l l a p s e  of t h e  
vehicle w i t h i n  t h e  Viking capsule  and t o  a Mars landing sequence. 
_ . .  . . 
A. 3. a. Wheel Tester 
A wheel t e s t i n g  system has been designed and cons t ruc t ed .  
Th i s  appara tus  w i l l  permit the t e s t i n g  of 0.4 s c a l e  wheels under 
v a r i o u s  cond i t ions  of wheel s l i p ,  load ,  c a n t  ang le  and s o i l  con- 
d i t i o n  t o  provide  d a t a  necessary f o r  op t imiza t ion  of wheel design.  
A. 3. b . Wheel Analysis  
Improved mathematical  methods f o r  t h e  a n a l y s i s  of t h e  t o r o i d a l  
wheel have been developed and eva lua ted .  The new method, based on 
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f i n i t e  e lements ,  computes radial  s t i k f n e s s  f o r  any combination 
of hoop and r i m  s t i f f n e s s e s  wi th in  an  accuracy of 5%. The com- ' ' 
p u t e r  program has been used t o  develop a wheel des ign  "handbook". . 
A . 4 .  Payload Design 
The o b j e c t i v e  of t h e  payload des ign  t a s k  i s  t o  coord ina te  . 
t h e  MRV subsystems i n t o  an e f f e c t i v e  and r e l i a b l e  MRV des ign  
capable  of execut ing  t h e  s t a t e d  miss ion  func t ions .  C o n s t r a i n t s  
and assumptions se rv ing  as design g u i d e l i n e s  have been de f ined  
and have l e d  t o  design concepts which have i d e n t i f i e d  areas re- 
q u i r i n g  f u r t h e r  study. The r e l a t i o n  of t h e  form of t h e  v e h i c l e  
and i t s  payload t o  t h e  aerodynamic f o r c e s  i s  be ing  inves t iga t ed .  
Once payload form i s  def ined ,  placement of subsystem components 
w i l l  be  undertaken. 
c lud ing  v e h i c l e  dynamics, systems ope ra t ion  and r e l i a b i l i t y ,  
c o l l a p s i b i l i t y ,  s t a b i l i t y ,  e t c .  w i l l  be  pursued and comparisons 
w i t h  a l t e r n a t i v e  v e h i c l e  concepts w i l l  b e  made. 
Analysis  of t h e  composite v e h i c l e  des ign  in- 
Task B. General  Systems Analysis  
This  major t a s k  is  subdivded i n t o  f o u r  sub ta sks :  systems des ign  
assumptions on t h e  system model, accessory o p t i o n a l  s o l u t i o n s  f o r  des ign  para-  
meter p e r t u r b a t i o n  and t h e  on-board computer system. 
B. 1. 
The systems des ign  opt imiza t ion  t a s k  has  been concerned w i t h  
t h e  problem of opt imiz ing  t h e  des ign  of t h e  v e h i c l e  system inc lud-  
ing  sc i ence ,  communication, propuls ion,  e tc .  The approach which 
has  been taken  involves  t h e  mathematical  modeling of a l l  of t h e  
p h y s i c a l  components of t h e  system and t h e  r educ t ion  of t h e  r e s u l t -  
i n g  equa t ions  t o  a group of r e l a t i o n s h i p s  involv ing  a set  of s ta te  
v a r i a b l e s .  All design parameters are  r e l a t e d  i n  some d i r e c t  f a sh ion  
t o  these state v a r i a b l e s .  The problem i s  t o  determine what p a r t i -  
c u l a r  se t  of s ta te  v a r i a b l e s ,  and t h e r e f o r e  what set  of des ign  
parameters ,  op t imize  t h e  des i red  o b j e c t i v e  func t ion  va lues  r e l a t e d  
t o  t h e  mission.  
The o r i g i n a l  set of equat ions w a s  n o n l i n e a r  and cons ide rab le  
d i f f i c u l t  w a s  encountered i n  obta in ing  reasonable  s o l u t i o n s .  On 
review of t h e  b a s i c  model equat ions ,  s i m p l i f i c a t i o n s  and modif ica-  
t i o n s  have been made t o  iaprove t h e  d e s c r i p t i o n  of t h e  phys ica l  
system o r  t o  e l i m i n a t e  unnecessary f e a t u r e s  which compl ica te  t h e  
a n a l y s i s .  Although t h e  problem remains non l inea r ,  t h e  updated 
model appears  t o  be  more rea l i s t ic  and sone pre l iminary  r e s u l t s  
Fu tu re  work i s  aimed a t  i n i t i a t i n g  t h e  op t imiza t ion  a t  o t h e r  s tar t -  
ing  p o i n t s  t o  determine t h e  s e n s i t i v i t y  of t h e  "optimum po in t "  t o  
t h e  i n i t i a l  po in t .  Refinement of t h e  mathematical  model w i l l  b e  
cont inued  t o  improve t h e  d e s c r i p t i o n  of t h e  phys ica l  system. U l t i -  
mate ly ,  t h e  method w i l l  be  appl ied t o  o t h e r  major miss ion  a l terna-  
t i v e s  as i d e n t i f i e d  below. 
. which probably r e p r e s e n t  "local" opt imurs  have been obtained.  
B.2. 
B . 3 .  
B.4. 
Task 
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E f f e c t  of Design-Dependent Assumptions 
The effect  of changing design-dependent assumptions on t h e  
system model has  been determined f o r  two cases. 
of an active s t a t i o n a r y  o r b i t e r  l i n k i n g  t h e  v e h i c l e  w i th  e a r t h  has  
been s tud ied .  The n e t  e f f e c t  of t h i s  assumption i s  t o  e l i m i n a t e  
r e s t r i c t i o n s  on d a t a  r a t e  and t o  reduce on-board power and weight 
requirements .  Second, model equat ions  d e s c r i b i n g  a convent iona l  s ix -  
wheeled, t h r e e  compartment: v e h i c l e  have been developed. Future  work 
inc ludes  op t imiza t ion  of each of t h e s e  major miss ion  models and com- 
p a r i s o n  wi th  t h e  o r i g i n a l  model r ep resen t ing  t h e  RPI MRV v e h i c l e  
concept.  
F i r s t ,  t h e  a d d i t i o n  
Accessory Optimal Solu t ions  
The task dea l ing  w i t h  accessory opt imal  s o l u t i o n s  f o r  design 
parameter p e r t u r b a t i o n s  o r i g i n a t e s  w i t h  s e v e r a l  f a c t o r s .  F i r s t ,  t h e  
opt imal  s o l u t i o n  may sugges t  parameters awkward from an implementation 
p o i n t  of view; second, new c o n s t r a i n t s  may b e  added and p e r t u r b  t h e  
s o l u t i o n ;  and t h i r d ,  o f f - the-she l fware  hardware may no t  co inc ide  wi th  
opt imal  va lues .  In  t h e s e  cases ,  it i s  d e s i r e d  t o  know how t h e  des ign  
parameters  should be  ad jus t ed  t o  r e t a i n  o p t i m a l i t y  when s m a l l  pe r tu r -  
b a t i o n s  are made. The ob jec t ive  of t h e  t a s k  i s  t o  determine t h e  
opt imal  manner i n  which t o  make t h i s  adjustment .  A s e n s i t i v i t y  
approach has  been used because i t  has  t h e  advantage of l i n e a r i t y  even 
though t h e  o r i g i n a l  op t imiza t ion  problem i s  non- l inear .  A method f o r  
determining t h e  r equ i r ed  adjustment of des ign  parameters has  been de- 
veloped and i t  has been appl ied t o  s i m p l e  problems where t h e  t r u e  
optimum is known. Work i n  t h i s  area has been de fe r r ed  pending com- 
p l e t i o n  of Task B . l  on opt imiza t ion  of t h e  o r i g i n a l  model and w i l l  be  
r e a c t i v a t e d  i n  t h e  nea r  fu ture .  
On-Board Computer Subsystem 
The on-board computer subsystem t a s k  i s  intended t o  a l low the  
i n v e s t i g a t i o n  of a l t e r n a t i v e  i n t e r n a l  computer s t r u c t u r e s  and t o  
provide  a device  f o r  t e s t i n g  a l t e r n a t i v e  s t r u c t u r e s  and t h e  ope ra t ion  
of model and/or  hardware subsystems. Vehic le  o b j e c t i v e s  and opera- 
t i n g  requirements  were determined t o  e s t a b l i s h  demands on t h e  on-board 
computer. A s imula to r  has  been developed us ing  a GEPAC-30 computer 
which achieves  t h e  d e s i r e d  ob jec t ives .  When t h e  v e h i c l e  systems have 
been modeled t o  t h e  p o i n t  where they  can  be i n t e r f a c e d  wi th  t h e  com- 
p u t e r ,  t h e  computer a r c h i t e c t u r e  which h a s  been developed w i l l  b e  
t e s t e d .  
w i th  t h i s  computer and t e s t i n g  t h e  combined system performance. 
-Long range p l ans  inc lude  i n t e r f a c i n g  t h e  0.4 scale R P I  MRV 
C. Navigat ion,  T e r r a i n  Modeling and Path S e l e c t i o n  
Th i s  t a s k  d e a l s  w i th  problems o f  t e r r a i n  sens ing ,  t e r r a i n  modeling, 
o b s t a c l e  d e t e c t i o n  and pa th  s e l e c t i o n  f o r  an autonomous roving v e h i c l e .  
S p e c i f i c  t a s k s  r ece iv ing  a c t i v e  e f f o r t  i nc lude  laser beam range measurement, 
d i s c r e t e  o b s t a c l e  d e t e c t i o n ,  obs t ac l e  d e t e c t i o n  systems, t e r r a i n  modeling and 
p a t h  s e l e c t i o n  system eva lua t ion .  
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C. 1.a. Range Measurement 
. I  
The u s e  of a laser beam range measurement system h a s  been 
analyzed.  
be employed t o  measure d i s t ances  i n  t h e  3 t o  30 m e t e r  range wi th  
a n  accuracy of 5 cm. 
r e q u i r e  h igh  v o l t a g e s  o r  l a rge  amounts of  power. The f e a s i b i l i t y  
of u s ing  a ga l l ium-arsenide  l a s e r ,  a s i l i c o n  p- i -n  photodiode and 
e l e c t r o n i c  scanning has  been e s t a b l i s h e d .  However, t e r r a i n  r e f l e c -  
t i v i t y  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  Should t h e  dynamic range 
prove t o  b e  l a r g e ,  it may b e  necessary  t o  c o n t r o l  t h e  output  of t h e  
laser. Future  work should inc lude  exper imenta l  s t u d i e s  on te r ra in  
r e f l e c t i v i t y ,  t h e  c i r c u i t r y  of t h e  range f i n d i n g  system and t h e  
o p t i c s  of t h e  scanning system, 
It has  been determined t h a t  p re sen t  day technology can ' 
The r equ i r ed  components are s m a l l  and do n o t  
C. 1.b. Discrete Obstacle  Detect ion 
Discrete o b s t a c l e  d e t e c t i o n ,  i .e. s t e p s ,  bou lde r s ,  mounds, 
craters, e tc ,  by use of a s p l i t  beam laser system has been i n v e s t i -  
gated.  The concept  i s  based on a comparison of t h e  r e t u r n  t i m e s  of 
a s p l i t  laser  pu l se  emi t ted  from u n i t  a t  a f i x e d  h e i g h t  and ang le  
re la t ive t o  t h e  veh ic l e .  The d i f f e r e n c e  of t h e  r e t u r n  t i m e  can be  
i n t e r p r e t e d  as a p o s i t i v e  o r  a n e g a t i v e  o b s t a c l e  r e l i a b l y  as long as 
t h e  beams i n t e r s e c t  t h e  t e r r a i n  a t  t h e  nominal range. A major draw- 
back t o  t h i s  system i s  t h a t  p i t c h i n g  of t h e  v e h i c l e  which causes  t h e  
s p l i t  beam t o  i n t e r s e c t  t h e  t e r r a i n  a t  a s h o r t e r  o r  longer  d i s t a n c e  
t h a n  t h e  nominal range l e a d s  t o  a m i s i n t e r p r e t a t i o n  of t h e  t e r r a i n .  
It i s  concluded t h a t  a d d i t i o n a l  d a t a  w i l l  be  r equ i r ed  f o r  t h i s  type  
of a system t o  p r o v i d e , r e l i a b l e  obstac. le  d e t e c t i o n  da ta .  
c.1.c. Obs tac le  Detec t ion  System 
The o b s t a c l e  d e t e c t i o n  s y s t e m  t a s k  r e p r e s e n t s  an a l t e r n a t i v e  
approach towards an e f f e c t i v e  pa th  s e l e c t i o n  system. In t h i s  case, 
a s i n g l e  beam laser range f i n d e r  i s  a t t a c h e d  a t  a f i x e d  e l e v a t i o n  
a n g l e  t o  t h e  mast of t h e  veh ic l e .  On scanning t h e  t e r r a i n  be fo re  
t h e  v e h i c l e ,  range d a t a  are obtained and when combined w i t h  measure- 
ments of t h e  dev ia t ion  of t h e  m a s t  from l o c a l  v e r t i c a l  can be used 
t o  c a l c u l a t e  bo th  t h e  h e i g h t  of t h e  t e r r a i n  r e l a t i v e  t o  h o r i z o n t a l  
and t h e  apparent  s lope  between t h e  v e h i c l e  and t h e  t e r r a i n  po in t .  
One proposed dec i s ion  r u l e  i s  based on t h e  exc lus ion  of a l l  pa ths  
invo lv ing  excess ive  h e i g h t s  which are n o t  preceded by an accep tab le  
s lope .  A second r u l e  involves  s e l e c t i o n  o f  a minimum energy pa th  
from a l l  accep tab le  paths .  
u s ing  angu la r  measurements as opposed t o  a s t e r e o  system r e l y i n g  on 
two senso r s  shows no advantage f o r  t h e  s t e r e o  system u n l e s s  ang le  
errors exceed 3'. 
A range e r r o r  a n a l y s i s  f o r  a system 
C.1.d. T e  r ra i n  Mode 1 ing 
The t e r r a i n  modeling t a s k  has been concerned wi th  t h e  r e l i a b i l i t y  
of t h e  i n t e r p r e t a t i o n  of t e r r a i n  d a t a  i n  t h e  range of approximately 
30 m e t e r s .  Using as a r e fe rence  a known mathematical  p lane ,  some 1.5 
by 1.0 meters i n  area, the  e r r o r  i n  e s t ima t ing  t h e  in-pa th  and c ross -  
p a t h  s l o p e  due t o  range,  azimuthal  and e l e v a t i o n  ang le  e r r o r s  w a s  
c a l c u l a t e d  f o r  t h r e e ,  f o u r  and six p o i n t  f i t s .  In making t h e s e  
c a l c u l a t i o n s ,  i t  was assumed t h a t  t h e  range and ang le  e r r o r s  a r e .  *, 
gauss ian .  On t h e  b a s i s  of s tandard d e v i a t i o n s  f o r  range of be- 
tween l and 10 c m  and f o r  angles  of  between 0.001 and 0.005 radian’s,  
e r r o r s  i n  t h e  e s t ima t ion  of  t h e  in -pa th  and c ross -pa th  s l o p e s  of 
between -1.2 and 16.6O were determined. These s l o p e  e r r o r s  were 
found t o  i n c r e a s e  l i n e a r l y  with a n g l e  e r r o r  i n  t h e  range from o n e .  
t o  f o u r  m i l l i r a d i a n s  and t o  reach a s teady  s t a t e  v a l u e  a t  t h e  ten 
m i l l i r a d i a n  level.  
which w e r e  supe-r ior  t o  t h r e e  po in t  f i t s .  Cross-path s lope  e r r o r s  
of t h r e e  t o  f i v e  degrees  were noted  even wi th  ang le  e r r o r s  of one 
m i l l i r a d i a n .  A t e r r a i n  modeling a lgo r i thm independent of a n g l e  
measurements may prove s u p e r i o r .  
S i x  po in t  f i t s  were supe r io r  t o  f o u r  po in t  f i t s  
c.2. Path S e l e c t i o n  System Evaluat ion 
The pa th  s e l e c t i o n  system e v a l u a t i o n  t a s k  i s  intended t o  provide  
a t o o l  by which a l t e r n a t i v e  t e r r a i n  sens ing ,  modeling, o b s t a c l e  de- 
t e c t i o n  and pa th  s e l e c t i o n  concepts can  be  s imulated and eva lua ted .  A 
computer s imula t ion  package has been developed f o r  t h i s  purpose.  The 
package was  designed t o  provide a u s e r  w i th  a h igh  degree of f l e x i b i -  
l i t y .  
parameters  f o r  low frequency t e r r a i n  c h a r a c t e r i s t i c s ,  (gaussian 
fe .a tures  are t o  be added s h o r t l y ) ,  and s p e c i a l  f e a t u r e s  such as bou lde r s ,  
c r e v a s s e s ,  c r a t e r s ,  etc.  The u s e r  can s p e c i f y  h i s  choices  of s p e c i f i c  
t e r r a i n  sensor ,  t e r r a i n  modeler and p a t h  s e l e c t i o n  r u l e .  Sensor e r r o r s  
and t h e  e f f e c t s  of f i n i t e  vehicle response can a l s o  be s p e c i f i e d .  The 
e f f e c t  of h igh  frequency d is turbances  on t h e  v e h i c l e ,  i , c .  s m a l l  rocks ,  
etc., and t h e  consequent measurement e r r o r s  can be s imulated.  
The real  t e r r a i n  des i red  can be  s p e c i f i e d  by d e f i n i n g  polynomial 
Nethods by which t o  evaluate a l t e r n a t i v e  pa th  s e l e c t i o n  systems 
b o t h quan t it  a t  i v  e l y  and h eu r  i s  t i c  a 1 1 y have be en d eve 1 op e d . 
The computer package has been t e s t e d  on two simple pa th  selec- 
t i o n  systems and i s  opera t iona l .  
Future  work w i l l  inc lude  so f tware  implementation of t h e  model 
d i s p l a y  b lock ,  t he  a d d i t i o n  of gauss ian  t e r r a i n  f e a t u r e s  and t h e  ex- 
t e n s i o n  of t h e  v e h i c l e  dynamics and a t t i t u d e  block. E f f o r t s  t o  
improve and r e f i n e  t h e  eva lua t ion  c r i t e r i a  w i l l  be  cont inued a long  
w i t h  eva lua t ion  of a l t e r n a t i v e  pa th  s e l e c t i o n  systems which have been 
o r  w i l l  be  proposed. 
Task D. Chemical Analysis  of Specimens 
Th i s  t a s k  which i s  concerned w i t h  developing t h e  fundamental  concepts  
which w i l l  be  r equ i r ed  t o  opt imize a gas  chromatograph-mass spec t rometer  analy-  
s is  system i s  d iv ided  i n t o  t h e  fol lowing sub ta sks :  mass spec t rometer  c h a r a c t e r -  
i s t ics ,  ca r r i e r  gas  genera t ion  and removal, chrcmatograph model e v a l u a t i o n ,  
chromatograph model improvement and e s t i m a t i o n  of chromatograph model parameters ,  
D. 1. Mass Spectrometer C h a r a c t e r i s t i c s  and Carrier Gas Generat ion and 
Removal 
P r i o r  work i n  s m a l l  mass spec t rometers  has  been reviewed and 
analyzed t o  o b t a i n  t h e  q u a n t i t a t i v e  r e l a t i o n s h i p s  between mass-range 
D. 2. 
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and r e s o l u t i o n  as f u n c t i o n s  of t h e  magnetic and e lectr ical  f i e l d s , .  
scan rate and scan method, e f f e c t  of ope ra t ing  p r e s s u r e  on perform-' 
ance ,  
system parameters .  Mathematical modeling of t h e s e  g r o s s  c h a r a c t e r -  
i s t ics  has  been i n i t i a t e d  and major  model equat ions  s u i t a b l e  f o r  
component (mass spec t rometer )  and system (GC/MS) s imula t ion  are 
expected by September 1972. 
and power, weight -and  volume requirements  as c o n t r o l l e d  by 
The c a r r F e r  gas  genera t ion  and removal s t u d i e s  are intended t o  
i d e n t i f y  t h e  b a s i c  c h a r a c t e r i s t i c s  and l i m i t a t i o n s  of t h e  more pro- 
mis ing  concepts  t o  provide support  f o r  t h e  f i n a l  system design.  
P r i n c i p a l  emphasis has  been d i r e c t e d  t o  t h e  gas  gene ra t ion  problem 
and s p e c i f i c a l l y  t o  a h igh  pressure  gas  s t o r a g e  concept which would 
b e  s u i t a b l e  f o r  s h o r t  du ra t ion  o r  low frequency a n a l y s i s  miss ions .  
S to rage  vessel volume and weight requirements  as a f u n c t i o n  of charge  
p r e s s u r e  and a n t i c i p a t e d  opera t ing  t i m e  have been determined. Although 
a review of methods of carrier gas  removal has  been completed,  a l t e r n a -  
t ive  systems have n o t  y e t  rece ived  a q u a n t i t a t i v e  eva lua t ion .  
Chromatographic Model Evaluat ion Using Multicomponent Systems 
This  t a s k  i s  intended t o  v e r i f y  exper imenta l ly  t h e  mathematical  
chromatograph model u s ing  supe rpos i t i on  of s i n g l e  component d a t a .  The 
t es t  f a c i l i t y  w a s  modif ied t o  provide more accu ra t e  ca r r i e r  gas  f low 
and p res su re  da t a .  The mathematical  model w a s  updated t o  r e f l e c t  more 
r e l i a b l e  Peclet number da t a .  I n i t i a l  s t u d i e s  involv ing  n-pentane/n- 
heptane  i n d i c a t e  t h a t  t h e  supe rpos i t i on  p r i n c i p l e  a p p l i e s  on ly  appro- 
x ima te ly  i n  a f i r s t  o r d e r  sense wi th  t h e  a c t u a l  d a t a  lagging  t h e  
p r e d i c t e d  r e s u l t s .  It i s  intended t o  extend t h e s e  s t u d i e s  t o  o t h e r  
packing materials and o t h e r  multicomponent systems. 
D. 3 .  Chromatograph Model Improvement 
The o b j e c t i v e  of t h i s  t a sk  i s  t o  improve t h e  model be ing  evalua-  
t e d  under D.2. Extension of  the p r e s e n t  model from t h e  equ i l ib r ium 
assumption t o  t h e  non-cqui l ibr ium case ( f i n i t e  column l eng th )  does n o t  
improve s i g n i f i c a n t l y  t h e  f i t  between theory  and experiment.  O f  t h e  
s i n g l e  component s t u d i e s ,  acetone w a s  b e s t  f i t t e d  wh i l e  e t h y l e n e  w a s  
m o s t  poor ly  f i t t e d .  It i s  be l ieved  t h a t  i n t r a p a r t i c l e  d i f f u s i o n  i n  
which c o n s t i t u e n t s  may t r a n s p o r t  i n t o  t h e  bulk  of t h e  packing mater ia l  
as opposed t o  adsorbing on the  pa r t i c l e  s u r f a c e  may be  r e s p o n s i b l e  f o r  
t h e  l a c k  of agreement between theory and experiment. Wgrk i s  underway 
t o  develop a t h e o r e t i c a l  model i nco rpora t ing  i n t r a p a r t i c l e  d i f f u s i o n .  
D.4. Transpor t  Parameter Est imat ion 
The chromatograph model r equ i r e s  knowledge of t h e  t r a n s p o r t  para-  
meters: P e c l e t  number and t h e  number of t r a n s r e r  u n i t s .  Analysis  of 
l i t e r a t u r e  d a t a  and c o r r e l a t i o n s  have r e s u l t e d  i n  c o r r e l a t i o n s  which 
appea r  t o  be adequate  f o r  t h e  requirements  of t h i s  p r o j e c t .  
from developing estimates of the r e l i a b i l i t y  of t h e s e  r e s u l t s  and pre-  
p a r i n g  a t e c h n i c a l  r e p o r t ,  t h i s  t a s k  i s  e s s e n t i a l l y  completed. 
Apart  
IV. Deta i l ed  Summaries of Progress  . *  
Task A. Vehic le  Conf igura t ion ,  Control,  Dynamics, Systems and Propuls'ion 
Th i s  broad task is concerned w i t h  a l l  a s p e c t s  of the des ign  of a 
roving  v e h i c l e  f o r  Mars explora t ion .  
t h e  fo l lowing  sub ta sks :  v e h i c l e  model des ign ,  mathematical  model of t h e  v e h i c l e  
dynamics, exper imenta l  dynamic a n a l y s i s ,  o b s t a c l e  n e g o t i a t i o n ,  e lec t romechanica l  
c o n t r o l  systems, c o l l a p s i b i l i t y  arid deployment, wheel t e s t i n g  appa ra tus ,  wheel 
a n a l y s i s ,  and payload design.  
Included w i t h i n  t h i s  major e f f o r t  are 
Progress  made i n  t h e s e  areas dur ing  the p a s t  interval i s  summarized 
i n  t h e  s e c t i o n s  which follow. 
A .  1.a. Vehicle  Model Design - Mark C. Rodamaker 
Facul ty  Advisor:  Prof .  G. N. Sandor 
The f i rs t  o p e r a t i o n a l  model of t h e  RPI MRV, F igure  1, was b u i l t  
t o  0.184 scale f o r  reasons of dynamic a n a l y s i s  and ease of cons t ruc t ion .  
Dynamic t e s t i n g  of t h i s  f i r s t  gene ra t ion  model po in ted  out  a r e a s  where 
r edes ign  w a s  requi red .  Changes and a l t e r a t i o n s  t o  t h i s  f i r s t  model l e d  
t o  a second gene ra t ion  model, F igure  '2, i nco rpora t ing  t h e  tors ion b a r  
rear suspension.  Dynamic t e s t i n g  of t h i s  second-generat ion model has  
poin ted  out  problem areas r equ i r ing  a d d i t i o n a l  des ign  cons ide ra t ions .  
The a d d i t i o n a l  des ign  and t e s t i n g  work w i l l  r e q u i r e  a l a r g e r ,  more re- 
f i n e d  model. Problems of excess ive  motor s i z e  and weight as w e l l  as 
t h e  modeling of t o r s i o n  b a r  spr ing  rate f o r  t h e  0.184 model a l s o  daqand 
a l a r g e r  model f o r  more re f ined  t e s t i n g .  
The nex t  o p e r a t i o n a l  model of t he  RPI MRV should inc lude  t h e  
v e h i c l e  refinerncnts t o  d a t e ,  incorpora te  t h e  c o l l a p s i b i l i t y  scheme and 
payload,  and sca l ed  so  the  motors are n o t  g r o s s l y  ou t  of p ropor t ion  as 
they  are on t h e  0.184 model. The des ign  of t he  RPI  PfRV i s  s t a b i l i z e d ,  
s o  ease of making l a r g e  changes i s  no t  a c r i t i c a l  cons ide ra t ion .  These 
f a c t o r s  i n d i c a t e  t h e  need f o r  an o p e r a t i o n a l  model which is  l a r g e r  than  
t h e  0.184 model p r e s e n t l y  being used. 
Phys ica l  Model 
Cons idera t ion  of new performance requirements  inc luding  c o l l a p s i -  
b i l i t y  and payload i s o l a t i o n  r e s u l t e d  i n  s i g n i f i c a n t  design changes. 
The o r i g i n a l  transverse-mounted rear suspension proved very  d i f f i c u l t  
t o  c o l l a p s e  i n  a s i m p l e  manner and t h e  r i g i d  angu la r  coupl ing  between 
t h e  payload and t h e  suspension d i d  n o t  provide  good payload i s o l a t i o n .  
To overcome t h e s e  problems, a t r a n s v e r s e  mounted t o r s i o n  b a r  w i th  
l o n g i t u d i n a l  suspension arms was i n s t a l l e d .  A s  shown i n  F igu re  2 ,  a 
motor i s  a t t a c h e d  t o  t h e  cen te r  of t h e  t o r s i o n  b a r  which i s  used to 
a d j u s t  t h e  nominal p o s i t i o n  of t h e  suspension. 
may thus  b e  r a i s e d  o r  lowered depending on t h e  t e r r a i n  and t h e  v e h i c l e ' s  
needs a t  any t i m e ,  proximity t o  t h e  ground f o r  s o i l  sampling o r  s t a b i l i t y  
and e l e v a t e d  p o s i t i o n  f o r  a l a s e r  "look around". 
The v e h i c l e ' s  payload 
A modif ied t i l t - b a c k  maneuver, renamed t h e  s h i f t - b a c k ,  i s  p o s s i b l e  
i n  which t h e  payload i s  lowered t o  the  ground, b u t  t h e  suspension motor 
c o n t i n u e s  t o  d r i v e  t h e  suspension arms i n  t h e  same d i r e c t i o n  u n t i l  t h e  
rear wheels c o n t a c t  t h e  ground ahead of t h e  t o r s i o n  b a r ,  A t  t h i s  p o i n t ,  
Figure 1 Original  0.184 S c a l e  Model 
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t h e  t o r s i o n  b a r  motor may l i f t  t h e  f r o n t  wheels o f f  t h e  ground. 
In t h i s  mode, t h e  payload may b e  pushed backwards by t h e  d r i v e  
motors .  Return t o  t h e  4-wheel mode i s  accomplished by r e v e r s i n g  e 
t h e  prev ious  sequence. This  maneuver could  a l s o  be  used t o  un- 
s t i c k  t h e  rear wheels should they b e c m e  bogged down i n  sand o r  
o therwise  immobilized. The roving c a p a b i l i t i e s  of t h e  modif ied 
MRV i n  t h e  sh i f ted-back  mode a r e  n o t  as good as t h e  prev ious  v e h i c l e ' s  
c a p a b i l i t y  i n  i t s  t i l t e d - b a c k  mode, b u t  t h e  a b i l i t y  t o  ex t r ica te  rear 
as w e l l  as f r o n t  wheels from "bog-downs" and t h e  g r e a t l y  inc reased  
s t a b i l i t y  should make t h e  sh i f t -back  more u s e f u l  t han  t h e  prev ious  
t i l t - b a c k  maneuver. 
. 
In o rde r  t o  provide  b e t t e r  s i m i l a r i t y  between a f u l l - s i z e d  
v e h i c l e  and t h e  .184 scale m o d e l  and a l s o  t o  improve payload isola--  
t i o n ,  t h e  s t e e r i n g , h a s  been moved t o  t h e  s t e e r i n g  axis and t h e  d r i v e  
motors have been placed i n  the wheel hubs thus  reducing t h e  i n e r t i a  
of t h e  payload s e c t i o n  and a l s o  spa r ing  t h e  l e v e l i z i n g  system from 
having t o  coun te rac t  t h e  torques from t h e  c o n t r o l  motors.  
By June, 1972 dynamic t e s t s  of t h e  RPI MRV were concluded. It 
w a s  decided t h a t  a l a r g e r  model would be  d e s i r a b l e  f o r  f u r t h e r  t e s t s  
and f o r  b e t t e r  s c a l i n g  of t he  s t r u c t u r a l  members. Three p o s s i b l e  
a l t e r n a t i v e s  were cons idered  : 
1. Build a .4 model f o r  c o m p a t i b i l i t y  w i t h  t h e  
2.  Bui ld  a f u l l  s c a l e  model; 
3.  Bui ld  a. f u l l  s i z e  model a t  a l a t e r  d a t e  w i t h  
t h e  b e n e f i t  of exper ience  wi th  t h e  .4 model. 
t h e  .4 s c a l e  wheel tester;  
A f e a s i b i l i t y  a n a l y s i s  of t h e  t h r e e  a l t e r n a t i v e s  w a s  made. 
Th i s  a n a l y s i s  compared t h e  t h r e e  models by l i s t i n g  s e v e r a l  c a t e g o r i e s  
which might i n f luence  t.he bu i ld ing  of one model o r  ano the r  and each 
ca t egory  w a s  g iven  a degree of importance as t o  how much it would 
a f f e c t  t h e  b u i l d i n g  of a model. Then a r e l a t i v e  m e r i t  f a c t o r  w a s '  
g iven  t o  each of t h e  t!iree m o d e l s  i n  each of t he  c a t e g o r i e s  t o  com- 
p a r e  w i t h i n  t h e  ca t egory  t h e  e f f e c t  t h a t  ca tegory  would have on the  
b u i l d i n g  of a c e r t a i n  model.. The importance f a c t o r  was then  mul t i -  
p l i e d  by each of t h e  r e l a t i v e  m e r i t  f a c t o r s  t o  g ive  each model i n  
each ca tegory  a cumulative comparison number. For example : t h e  man- 
hours  t o  b u i l d  a .4 model now would be  a good d e a l  less than  t h e  f u l l  
scale models due t o  the  d i f f e r e n c e  i n  s i z e  of t he  material  used, and 
t h e  b u i l d i n g  of a f u l l  s c a l e  model would be  b e t t e r  i n  t h e  f u t u r e  due 
t o  t h e  i n c r e a s e  i n  manpower a v a i l a b l e  dur ing  t h e  school  yea r .  These 
f a c t o r s  might g ive  r e l a t i v e  mer i t  f a c t o r s  a t  8 f o r  t h e  .4 scale model, 
o f  2 f o r  t h e  f u l l  scale model now, and of 3 f o r  t h e  f u l l  s c a l e  model 
i n  t h e  f u t u r e .  Also, an importance f a c t o r  a t  3 might be g iven  f o r  t h e  
manpower ca tegory .  This would g i v e  cumulat ive comparison numbers of  
8 x 3 = 24 f o r  t h e  .4 scale model, 2 x 3 = 6 f o r  f u l l  model now, and 
3 x 3 = 9 of f u l l  model i n  the f u t u r e  i n  t h e  ca t egory  of man-hours t o  
b u i l d .  
i ng  p rocess  were: c o s t ,  s t a b i l i t y  of rove r  des ign ,  f u n c t i o n a l  capa- 
b i l i t i e s ,  material a v a i l a b i l i t y ,  p roduct ion  d i f f i c u l t i e s ,  s t o r a g e ,  
Other aspects of cons ide ra t ion  e n t e r i n g  i n t o  t h e  d e c i s i o n  mak- 
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t r a n s p o r t a b i l i t y ,  demonst rab i l i ty ,  t es t  p r a c t i c a l i t y  and accuracy : 
of  t es t  r e s u l t s ,  and power requirements.  
The cumulat ive comparison number f o r  a l l  of t h e  c a t e g o r i e s  
were added f o r  each of t h e  three  models and t h i s  gave a f e a s i b i l i t y  
f a c t o r  f o r  each of t he  models. 
corresponds t o  t h e  most f e a s i b l e  model. 
The l a r g e s t  f e a s i b i l i t y  f a c t o r  
Three of t h e  l i s t s  were f i l l e d  out by p r o j e c t  personnel  
(J. Almstead, W. Embleton, M. Rodamaker) t o  encompass a l l  s i g n i f i c a n t  
des ign  parameters.  
f e a s i b i l i t y  f a c t o r s  and it was found t h a t  t h e  .4 model would be t h e  
most f eas i b  le .  
From these  r e p o r t s  an average was made of t h e  
With t h i s  decided,  planning began on a .4 s c a l e  model of t h e  IIRV. 
The weight f o r  t h e  .4 scale m o d e l  w a s  c a l c u l a t e d  us ing  l i n e a r  s c a l i n g  
based on a 1170 l b  f u l l - s i z e  v e h i c l e ,  Ref. 1. 
A s t r u c t u r a l  a n a l y s i s  was performed t o  f i n d  t h e  al lowable s i z e  of 
t h e  s t r u c t u r a l  members f o r  assuming maximum d e f l e c t i o n  i n  each member. 
The weight used i n  t h i s  a n a l y s i s  was twice  t h e  .4 model weight t o  
a l low f o r  dynamic loadings.  T h i s  produced an allownb1.e area m o m e n t  o f  
i n e r t i a  and from t h i s ,  beam dimensions could b e  c a l c u l a t e d  f o r  t h e  
s t r u c t u r a l  members. A h a l f - s c a l e  drawing of t h e  .4 rAodel was made, 
F igu re  3, and t h e  m a t e r i a l  was ordered  f o r  i t s  product ion.  
The new des ign  of t h e  MRV t o  be b u i l t  at a .4 s c a l e  has  a 
6 '  x 5 '  x 1%' payload s i z e .  The p la t form s t a b i l i z i n g  motor i s  loca ted  
o u t s i d e  of t h e  payload. The t o r s i o n  b a r  now runs through a p i p e  and 
the pipe ,  which i s  dr iven  by the p la t form s t a b i l i z i n g  motor o f f  t h e  
payload,  d r i v e s  t h e  t o r s i o n  bar a t  i t s  middle  through a p in  connect ion.  
C o l l a p s i b i l i t y  f e a t u r e s  w i l l  b e  included i n  t h e  design.  
Work i s  now being done on des igning  t h e  hinges d f  t he  c o l l a p s i -  
b i l i t y  scheme. Also work has  begun on wheel cons t r i ic t ion .  An 
empi r i ca l  formula r e l a t i n g  force  d e f l e c t i o n  cha rac t e . : i s t i c s  t o  wheel 
dimensions i s  being sought t o  allow proper  wheel dimensions t o  be 
found e a s i l y .  The .4 s c a l e  m o d e l  should be completed by t h e  middle  
of August, 1972. 
A .  1.b. Mathematical  Plodel of Dynamic System - N.C.  Rodamaker 
Facul ty  Advisor:  Prof .  G. N.. Sandor 
Two methods of a n a l y s i s  involving energy techniques  were a p p l i e d  
t o  t h e  mathematical  model, Figure 4 ,  t h i s  p a s t  year .  One u t i l i z e d  an 
input  f o r c e  as an e x c i t a t i o n  w h i l e  i n  t h e  o t h e r  a displacement  w a s  
s p e c i f i e d .  The l a t t e r  w a s  considered more r e a l i s t i c  s i n c e  a v e h i c l e  
normally exper iences  t e r r a i n  inpu t s  which can  b e s t  be  modeled as d i s -  
placements.  The d i f f e r e n t i a l  equat ions  of  motion f o r  t h e  second 
a n a l y s i s  are shown i n  Table  1. Damping of the  t o r s i o n  b a r  has  been 
added f o r  s t a b i l i t y  and t o  more c l o s e l y  s imula t e  t h e  phys ica l  model. 
These equa t ions  have been programed on an analog computer w i t h  t h e  
fo l lowing  parameters  i n s e r t e d  which were measured from t h e  .184 scale 
model, Table  2. 
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Figure 3.  0.4 Model Scale  Drawing 
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Table 2 
m = .0007 s l u g  . 
Ir r 
m = ,0375 s l u g  
I 
m?, = . I 16  s l u g  . 
'b 
r 
= m R2 = .00856 in-lb-sec2 
a 
a = .0310 in- lb-see2 
= 1.458 in- lb-sec? 
' 1 1  = .0318 in-lb-sec2 
I2 = 4.058 in-lb-sec2 
= 63.5 i n - l b / r a d  K w t  
Kwf 
K t  
K = 2.94 l b / i n  w r  
= 1.572 l b / i n  
= 425 i n - lb / r cd  
R = 3.5 i n  
far = 9 in. 
RZ =.  14.5 i n  
a1 = .46 i n  
a2 = -1.50 i n  
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. ' .  
! 
18 
I 
I 
I 
1 
I 
1. 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Response curves ,  F igu res -5  and.6, i n d i c a t e  t h a t  a h igh  fre- 
quency t r a n s i e n t  appears ,  which damps ou t  qu ick ly ,  b u t  a lower 
frequency o s c i l l a t i o n  remains f o r  an  unacceptably long t i m e .  
lower frequency resonance h a s  been i d e n t i f i e d  as a rear wheel , 
resonance. 
system. It i s  hoped t h a t  only one damping u n i t  w i l l  be  necessa ry  
and it would be  easier t o  damp t h e  t o r s i o n  b a r  t han  t h e  wheels. In 
o r d e r  f o r  t he  e n t i r e  system t o  b e  damped, t h e  damped u n i t  must have 
a lower n a t u r a l  f requency than t h e  o t h e r  spring-mass systems. 
The , 
The h igh  frequency t r a n s i e n t  i s  due t o  t h e  t o r s i o n  b a r  
To v e r i f y  t h e  i n e f f e c t i v e n e s s  of t h e  damped t o r s i o n  b a r  system, 
c r o s s - p l o t s  of 81 vs 82 were made f o r  i n i t i a l  c o n d i t i o n  and s t e p  in-  
p u t s ,  F igures  7 and 8. It i s  c l e a r  t h a t  t h e  system is e f f e c t i v e  f o r  
on ly  2 o r  3 c y c l e s  a f t e r  which 81 and 82 r o t a t e  in-phase w i t h  t h e i r  
d i f f e r e n c e  be ing  ve ry  s m a l l .  To inc rease  t h i s  e f f e c t i v e n e s s ,  t h e  
n a t u r a l  f requency of t he  t:orsion b a r  system should b e  reduced and t h e  
wheel resonance r a i s e d  so t h a t  t h e  t o r s i o n  b a r  resonance occurs  a t  a 
lower frequency than  the  wheel resonance. 
i n g  a s o f t e r  t o r s i o n  b a r  and s t i f f e r  wheels. These a l t e r a t i o n s  w i l l  
b e  made on t h e  analog model. as w e l l  as t h e  new .4 s c a l e  model. 
Th i s  corresponds t o  employ- 
A. 1.c. Dynamic Analysis  - W. Cobb 
Facul ty  Advisor:  Prof .  G.N.Sandor 
The previous  .154 s c a l e  model had undergone dynamic t e s t s  dur- 
ing t h e  summer of 1971.  An electromagnet ic  shaker  system w a s  used 
t o  excite t h e  r e a r  wheels and displacements  of v a r i o u s  v e h i c l e  com- 
ponents  were measured using a blurred-image photographic  technique.  
It soon became c l e a r  t h a t  angula t ion  of t h e  payload s e c t i o n  w a s  a 
seri .ous problem. The r e a r  suspension system which was caus ing  t h e  
d i f f i c u l t i e s  was a l s o  proving d i f f i c u l t  from a c o l l a p s i b i l i t y  view- 
p o i n t  s o  a new t o r s i o n  b a r  suspension system w a s  i n s t a l l e d .  The 
r e s u l t i n g  v e h i c l e  w a s  s u f f i c i e n t l y  d i f f e r e n t  from t h e  o r i g i n a l  v e h i c l e  
t h a t  new and more thorough dynamic t e s t s  were deemed vecessary .  
For t h e s e  tests which a r e  descr ibed  i n  d e t a i l  i n  Ref.  2 ,  a shaker  
system similar t o  t h a t  used previous ly  was  employed wLth e i t h e r  an  
o p t i c a l  t r a c k e r  o r  a capac i tance  displacement  device  f o r  displacement  
measurements. Data w a s  recorded onto  an F.M. t a p e  deck and replayed 
a t  a s lower than  recorded speed t o  minimize X-Y r eco rde r  e r r o r s .  A 
t y p i c a l  Bode P lo t  i s  shown i n  Figure 9. P l o t s  taken  for o t h e r  v a r i -  
a b l e s  always r e s u l t e d  i n  s imi l a r  p l o t s  wi th  peaks around 3.7 Hz and 
7% t o  9 Hz. The  3.7 Hz resonance h a s  been i d e n t i f i e d  as a-rear wheel 
resonance which i s  very  l i g h t l y  damped. The h ighe r  f requency peak i s  
due t o  t h e  t o r s i o n  b a r  suspension system. A t o r s i o n  b a r  damper i s  
planned f o r  n e x t  y e a r ' s  veh ic l e  t o  improve o v e r a l l  v e h i c l e  damping. 
The t o r s i o n  b a r  w i l l  c lear ly  have t o  be sof tened  i f  i t  i s  t o  absorb 
t h e  wheel resonance. 
T rans i en t  response measurements were a l s o  made. F igure  10 shows 
a t y p i c a l  trace €or  a s t e p  input  t o  t h e  body s e c t i o n .  The output  i s  
almost pu re ly  3.7 I-Iz o r  wheel resonance frequency. 
s m a l l  ( $ 4 . 0 3 ) .  Around 6 seconds, coupl ing o r  bea t ing  i s  observed, 
bu t  t h i s  i s  most probably s i d e  t o  s i d e  coupl ing  due t o  s l i g h t l y  
The damping i s  
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imperfect  sy-rmnetry of t h e  rear wheel s p r i n g  rates and v e h i c l e  weight  
d i s t r i b u t i o n .  If t h i s  coupl ing i s  dismissed,  very  good v e r i f i c a t i o n  
of t h e  mathematical  s imula t ion  r e s u l t s .  Regardless,  a t o r s i o n  ba r '  
damper as w e l l  as a l t e r e d  v e h i c l e  s p r i n g  r a t e s  a r e  necessary  i n  o r d e r  
t o  provide t h e  excep t iona l  dynamic behavior  poss ib l e  wi th  t h e  p re sen t  
v e h i c l e .  
A.1.d. Obstacle  Negot ia t ion  - A.F.  Steinbock 
Facul ty  Advisor:  Prof.  G.N. Sandor 
Many t o o l s  f o r  determining l i m i t i n g  va lues  of o b s t a c l e  nego t i a -  
t i o n  c a p a b i l i t i e s  have been developed and r e f i n e d  dur ing  t h i s  p a s t  
y e a r ,  Ref. 3 .  A l l  t o o l s  have been developed i n  gene ra l  form so t h a t  
t hey  are  u s e f u l  i n  v e h i c l e  opt imiza t ion  and a l s o  i n  comparison be-  
tween competing des igns .  
Computer programs have been developed which c a l c u l a t e  rear wheel 
to rque  and c o e f f i c i e n t  of f r i c t i o n  r equ i r ed  t o  t r a v e r s e  s t e p ,  c r evasse  
and s lope  obs t ac l e s .  Using these  programs, i t  i s  easy t o  determine 
whether t r a c t i o n  (wheel and c l e a t  des ign ) ,  d r i v e  motor to rque  o r  
v e h i c l e  geometr ica l  f a c t o r s  a r c  t h e  l i m i t i n g  parameters i n  o b s t a c l e  
n e g o t i a t i o n .  Resu l t s  from these  programs a r e  shown on Figures  11, 1 2 ,  
and 13 f o r  a f u l l - s i z e  R P I  PIRV, 
One cause  of v e h i c l e  f a i l u r e  i n  o b s t a c l e  n e g o t i a t i o n  seldom con- 
s i d e r e d  i s  v e h i c l e  hang-up. This occurs  when t h e  t e r r a i n  c o n t a c t s  t h e  
v e h i c l e  body. In  some c a s e s ,  v e h i c l e s  are  unable  t o  f r e e  themselves 
and t h e  miss ion  i s  ended. C lea r ly ,  when t r a v e l i n g  on l e v e l  ground, any 
o b s t a c l e  a s  h igh  as t h e  undercar r iage  may cause hang-up, but. a b e t t e r  
method of r a t i n g  t h i s  behavior  e x i s t s .  S p e c i f i c a l l y ,  any v e h i c l e  t r a -  
v e r s i n g  a r i d g e  o r  two-plane obs t ac l e  a s  shown i n  F igures  143 and 14b 
w i l l  con tac t  t h e  r i d g e  i f  t h e  angle  of t h e  r i d g e  is  l a r g e  ( sharp)  
enough. From t h e  d e f i n i t i o n  of /3 ( t h e  hang-up ang le )  a l a r g c p  capa- 
b i l i t y  i s  c l e a r l y  d e s i r a b l e .  The method of a n a l y s i s  employs geometr ica l  
r e l a t i o n s h i p s  de r ived  by r o t a t i n g  t h e  o b s t a c l e  through a s t a t i o n a r y  
v e h i c l e  as i n  F igures  14a and 14b. Data der ived  from this  method is  
g iven  i n  g r a p h i c a l  form i n  F igures  15 and 16. 
A t  p r e s e n t ,  only obvious conclus ions  have been drawn from t h e s e  re- 
s u l t s .  In  a l l  cases ,  l a r g e r  wheels a r e  advantageous. 1Iigher ground 
c l e a r a n c e  i s  d e s i r a b l e ,  b u t  a h igher  c. g. accompanies t h i s  parameter  which 
l e s s e n s  s t a b i l i t y  so a t rade-of f  a r e a  as longer  v e h i c l e s  perform b e t t e r  on 
o b s t a c l e s  i n  gene ra l  except  t h a t  t h e i r  hang-up behavior  i s  n o t  s o  good. In 
all cases, t h e  RPI  MRV i s  expected t o  e x c e l  due t o  t h e  v a r i a b l e  ground 
c l e a r a n c e  and conf igu ra t ion  a s soc ia t ed  wi th  the  t o r s i o n  ba r  syste.m. Very 
f e w  t r a d e - o f f s  w i l l  be  necessary a l lowing  opt imal  perfoimance i n  many 
a r e a s  e 
In t h e  coming y e a r ,  t hese  t o o l s  w i l l  b e  used t o  f i n a l i z e  t h e  dimen- 
s i o n s  of t h e  R P I  NRV as w e l l  as  s i z e  t h e  motors and determine c l e a t  re -  
quirements .  These parameters  w i l l  be  s e t  so as t o  outperform competing 
des igns  i n  as many a r e a s  as poss ib le .  
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A.1.e.  Electromechanical  Controjs - Deknis 'Rosenthal  
Facul ty  Advisor: Prof .  G. N. Sandor . I  
The c o n t r o l  system f o r  t h e  0.184 RPI MRV encompassed t h r e e  areas: 
payload l e v e l i n g ,  s t e e r i n g ,  and rear wheel motion. Due t o  t h e  s i z e /  
weight  r a t i o  of t he  model involved, l e v e l i n g  of t h e  payload w a s  t e m -  
p o r a r i l y  d iscont inued .  Cons t ra in ts  involved were s i z e  of s e n s o r s ,  
weight  of payload, s i z e  and weight of motor needed t o  c o n t r o l  payload, 
s e n s i t i v i t y  of  a v a i l a b l e  sensor  types ,  and t h e  complete weight of t h e  
mode 1. 
The s t e e r i n g  system uses  t h e  same b a s i c  components as t h e  movement 
motors and f u r t h e r  desc r ip t ion  w i l l  be  postponed u n t i l  l a te r  i n  t h e  re- 
p o r t .  
Power c o n t r o l  f o r  t h e  r ea r  wheel d r i v e  motors comes from two s o l i d  
s ta te  complementary D.C. a m p l i f i e r s  each r a t e d  a t  60 w a t t s  s t e a d y - s t a t e  
power out .  The new Motorola complementary-darlington power output  
t r a n s i s t o r s  were incorpora ted  a long  wi th  a modified ( f o r  D.C.) c i r c u i t  
g iven  i n  t h e i r  manual. The closed loop ga in  becomes feedback r e s i s t o r  
K 6  d iv ided  by zero-poin t  r e s i s t o r  R5. R e s i s t o r  R6 provides  f o r  f u l l  
D.C. i e tdback  t o  ms in ta in  t h e  output  a t  t h e  s e l e c t e d  l e v e l  r e g a r d l e s s  
of load (wi th in  ope ra t ing  range of t h e  a n p l i i i e r ) .  The motors used a r e  
24 v o l t  1 amp. D.C. permanent magnet ins t rumenta t ion  type  wi th  approxi-  
mate ly  1 O O : l  r educ t ion  gea r s .  Feedback from back emf of t h e  motor i s  
e s s e n t i a l l y  nonex i s t en t  due t o  t h e  gear  reduct ions  ( f o r  s m a l l  v a r i a t i o n s  
of ou tput  change) bu t  g iven  a c o n s t a n t  v o l t a g e  the  motor main ta ins  a 
cons t an t  speed over wide v a r i a t i o n s  of load.  
The low output  impedance of t h e  a m p l i f i e r  (approximately .03 ohms) 
g i v e s  a high dampening f a c t o r  (CL 400)  which provides  e x c e l l e n t  regula-  
t i o n  over  most ope ra t iona l  regions.  Input impedance i s  10 I( ohms. Use 
of t h e  D.C. a m p l i f i e r  provides bo th  forward and r e v e r s e  ope ra t ion  by 
r e v e r s i n g  t h e  vo l t age  a t  only one t e rmina l  of the nmtor,  t h e  o t h e r  be ing  
a t  'groilnd' p o t e n t i a l .  The drawback OF us ing  t h i s  t y p e  of c o n t r o l  i s  
t h a t  both a p o s i t i v e  and negat ive  supply v o l t a g e  mu t be provided wi th  
bo th  having t h e  c a p a b i l i t y  t o  handle  t h e  peak power r equ i r ed  f o r  t h e  
motor,  o r  about  60 watts. 
When t h e  f r o n t  wheels a re  tu rned ,  each rear wheel has  a d i f f e r e n t  
speed t o  main ta in  o r  riiaxiniize t h e  nonskid t r a c t i o n ;  hence a d i f f e r e n t i a l  
i s  requi red .  This  niust be  e l e c t r o n i c  s i n c e  each motor i s  d r iven  inde-  
pendent ly  and gear  reduct ions  on t h e  motors do not  a l l o w  sk id  ' s e n s i n g ' .  
The fui ic t ion involved i s  complex and involves  the  wheelbase,  d i s t a n c e  
from f r o n t  t o  r e a r ,  and width between wheels i n  t a g e n t  func t ion .  A 
piecewise l i n e a r  approach was used t o  model t h e  cu rves ,  F igure  1 7 ,  as 
bo th  are similar (as  can  be  seen i f  reversed  s i d e  f o r  s i d e ) .  To r e g i s t e r  
t h e  s t e e r i n g  ang le  two poten t iometers  are  connected t o  t h e  s t e e r i n g  a x l e  
t o  g ive  a vo l t age  propor t iona l  t o  t h e  angle .  
through an  e m i t t e r  fo l lower  for  i s o l a t i o n  and on t o  a r e s i s t o r - z e n e r  
d iode  ma t r ix  f o r  t h e  p iecewise- l inear  approximated ou tpu t ,  F igure  18. 
This  ou tput  c u r r e n t ,  which r ep resen t s  t h e  y coord ina te  o f  t he  graph, i s  
passed through a r e s i s t o r  and t h i s  v o l t a g e  i s  sen t  t o  t h e  power ampli- 
f i e r s .  There must be complete power supply i s o l a t i o n  between power amp 
This  v o l t a g e  i s  then  s e n t  
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and senso r  due t o  t h e  fact  t h a t  t h e  ground or c e n t e r  p o t e n t i a l  
must b e  a d j u s t a b l e .  
The deadband v o l t a g e  of the motors i s  a.round 4 v o l t s  and f o r  
c e r t a i n  headings, e r r o r s  are incurred due t o  t h i s .  To e l i m i n a t e  t h i s  
feedback from a wheel motion sensor  w i l l  have t o  be incorpora ted  i n t o  
t h e  power amps, b u t  due t o  s ize  l i m i t a t i o n s  t h i s  i s  n o t  p o s s i b l e  f o r  
t h e  p r e s e n t  model. 
Refer r ing  back t o  t h e  s t e e r i n g  system t h e  same type  of power out- 
p u t  i s  used b u t  a n u l l i n g  br idge  i s  used t o  d e r i v e  t h e  output  s i g n a l .  
In t h e  f u t u r e  many changes w i l l  have t o  be  made and w i t h  a l a r g e r  
v e h i c l e ,  more area f o r  f i n e r  ins t rumenta t ion  w i l l  be  a v a i l a b l e  and 
f iner  c o n t r o l  can  be maintained. 
A . 2 .  C o l l a p s i b i l i t y  and Deployment - T. Janes  
Facul ty  Advisor:  Prof.  G. N. Sandor 
The o b j e c t i v e s  of t h i s  subtask are t o  i n v e s t i g a t e  t h e  des ign  of 
t h e  R P I  MRV w i t h  r e s p e c t  t o  c o l l a p s i b i l i t y ,  stowage w i t h i n  t h e  Viking 
capsu le ,  and deployment on the Martian su r face .  
Seve ra l  des ign  concepts  combining v a r i o u s  f e a t u r e s  of c o l l a p s i -  
b i l i t y  and deployment have been explored i n  an  e f f o r t  t o  opt imize t h e  
o v e r a l l  des ign ,  Ref. 4 .  The fol lowing t h r e e  assumptions and con- 
s t r a i n t s  were developed i n  determining t h e  p re sen t  c o l l a p s i b i l i t y  
scheme : 
1. t h e  payload body width must be  decreased t o  72' '  t o  
f i t  t h e  v e h i c l e  w i th in  t h e  capsu le ;  
2. t h e  e l a s t i c  behavior of t h e  wheels i s  preserved  a f t e r  
3. t h e  locatiolz of t h e  rover  c e n t e r  of g r a v i t y  w i t h i n  
prolonged deformation; and 
t h e  Viking cbpsule  may be a d j u s t e d  t o  be w i t h i n  t h e  
e s t a b l i s h e d  l i m i t s  o f  t h e  c e n t e r  of t h e  capsule .  
To ach ieve  c o l l a p s i b i l i t y  under t h e  above c o n d i t i o n s ,  i t  i s  neces-  
s a ry  t o  a l ter  t h e  p r e s e n t  v e h i c l e  des ign  i n  t h r e e  p l aces .  
1. A spring-loaded,  s e l f - lock ing ,  r a t c h e t  t ype  j o i n t  
must b e  mounted on the  rear wheel s t r u t s ,  23" from 
t h e  c e n t e r  of t h e  rear  wheel. This  w i l l  permit  t h e  
rear wheels t o  b e  Folded a g a i n s t  t h e  rear  f a c e  of 
t h e  payload body. 
2 .  A temporary r i g i d  connection between t h e  s i d e  of t h e  
payload body and the rear wheel s t r u t  w i l l  be  r equ i r ed  
i n  t h e  deployment phase  and w i l l  be  d iscussed  la ter .  
3.  A spring-loaded,  s e l f - lock ing ,  r a t che t - type  j o i n t  must 
be  p laced  on t h e  forward p a r t  of t h e  v e h i c l e  frame, a t  
t h e  base  of t h e  t r i a n g u l a r  s e c t i o n ,  t o  p e r m i t  f o l d i n g  
t h e  f r o n t  a x l e  under t h e  v e h i c l e  body, and t h e  f r o n t  
wheels a long s i d e  t h e  payload body. 
Once t h e  c o l l a p s i n g  ope ra t ions ,  made p o s s i b l e  by t h e  above design-  
changes,  are performed t h e  WI MRV w i l l  f i t  w i t h i n  t h e  Viking 
capsule .  
w i t h i n  t h e  Viking capsu le ,  
F igures  19 and 20 show t h e  co l l apsed  s t a t e  of t h e  v e h i c l e  
The rove r  and i t s  s c i e n t i f i c  payload are p r o t e c t e d  from ex- 
treme shock and v i b r a t i o n  while  in  t h e  capsu le  by t h e  r e s i l i e n c e  of 
t h e  f o u r  wheels i n  d i r e c t  con tac t  w i th  t h e  upper and lower s e c t i o n s  
of t h e  a e r o s h e l l .  Future  work should determine whether f u r t h e r  pro-  
t e c t i o n  i s  r equ i r ed ;  i f  so, l ight-weight  dampers should be  placed a t  
t h e  upper and lower co rne r s  of t h e  payload body, 
The landing  sequence calls  f o r  so f t - l and ing  t h e  rover  on i t s  
wheels ,  a ided by s m a l l  rocketry.  
There are  t h r e e  areas f o r  f u t u r e  r e sea rch  a s s o c i a t e d  w i t h  t h e  
c o l l a p s i b i l i t y ,  stowage and deployment of t he  R P I  MRV. S t u d i e s  
should be conducted i n t o  t h e  aerodynamics of so f t - l and ing  t h e  rover  
on i t s  wheels wi th  s m a l l  rocke t ry ,  and a l t e r n a t i v e s  t o  t h a t  system. 
Vib ra t ion  a n a l y s i s  of veh ic l e -capsu le  assembly i s  needed t o  i n s u r e  
s u r f  i c i e n t  i s o l a t i o n  of t h e  instrumentazion from shock dur ing  launch 
and landing.  A computer program t o  ana lyze  t h e  composite c e n t e r  of 
g r a v i t y  t o  determine subsystem l o c a t i o n s  i s  necessary  t o  s a t i s f y  the  
capsu le  center of g r a v i t y  requirements .  Upon landing ,  t h e  rear wheels 
w i l l  be  d r iven  so  as t o  swing t h e  wheel-support  segment back i n t o  
o p e r a t i o n a l  conf igu ra t ion .  The f o r c e  on t h e  s t r u t ,  due t o  t h i s  a c t i o n ,  
w i l l  b e  countered by t h e  r i g i d  at tachment  o u t l i n e d  above i n  a l t e r a t i o n  
8 2 ,  and w i l l  cause t h e  rove r  t o  mox7e forward somewhat a s  t h e  segment 
swings. Once t h e  r e a r  segment i s  locked,  t h e  payload body should be 
r a i s e d ,  t h e  f r o n t  wheels locked, and t h e  rover  dr iven  i n  reverse .  The 
sk idd ing  a c t i o n  of t h e  f r o n t  wheels, and t h e  a c t i o n  of t h e  sp r ing -  
loaded assembly w i l l  b r ing  the  f r o n t  s e c t i o n  t o  i t s  o p e r a t i o n a l  con- 
f i g u r a t i o n .  
A.3.a. Kheel T e s t e r  - C. Klet te  
Facul ty  Advisor:  Prof .  G.  N .  Sandor 
In  t h e  development of the  wheel,  a n a l y s i s  and f u r t h e r  development 
i n  t h e  a r e a  of wheel t r a c t i o n  and mechanics of t h e  wheel -so i l  i n t e r -  
f a c e  are requi red .  The b e s t  method f o r  ob ta in ing  information concern- 
i ng  s o i l  and wheel i n t e r a c t i o n  i s  t o  phys i ca l ly  s imula te  a n t i c i p a t e d  
c o n d i t i o n s  and tes t  v a r i o u s  prototypes under t h e s e  conditi-ons. Varia- 
t i o n s  on t h e  hub, hoops, hinges,  r i m  and grousers  can be t e s t e d  under 
s i m i l a r  s o i l  cond i t ions  wh i l e  a t tempt ing  t o  maximize t r a c t i v e  e f f o r t  
and minimize t h e  energy expendi ture .  The o b j e c t i v e s  of t h i s  sub ta sk  
are t h e  design and cons t ruc t ion  of wheel test f a c i l i t i e s ,  and t e s t i n g  
of t h e  R P I  MKV t o r o i d a l  wheel, Ref. 5 .  
S p e c i f i c a t i o n s  showed the  need f o r  l a r g e  and cumbersome t e s t  
appa ra tus  and t h e  a s s o c i a t e d  c o s t  and l abor  involved i n  b u i l d i n g  a 
f u l l  s c a l e  tes t  f a c i l i t y ,  The d e c i s i o n  was made t o  scale t h e  w h e e l s  
and tes te r  t o  0.4. The main d i f f i c u l t y  a r i s i n g  i n  t h e  use  of s ca l ed  
t e s t  appara tus  i s  t h e  s c a l i n g  of t h e  v a r i o u s  parameters  a s s o c i a t e d  
w i t h  t h e  f u l l  scale wheel such as v e l o c i t y ,  mass, g r a v i t a t i o n a l  f o r c e s ,  
e tc .  These parameters  must be weighted as t o  t h e i r  r e l a t i v e  importance. 
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Design Cr i te r ia  
To des ign  t h e  test appratus  and i t s  func t ions  a set  of des ign  . 
cr i ter ia  were drawn up. In the f i n a l  des ign ,  t h e  wheel i s  f r e e  t o  
move v e r t i c a l l y  t o  compensate f o r  i r r e g u l a r i t i e s  i n  t h e  s o i l .  Con- 
s t a n t  v e l o c i t y  of t h e  c a r r i a g e  is  provided by a cons t an t  speed motor 
mounted on one end of t h e  s o i l  b in .  S t a b i l i t y  and d u r a b i l i t y  were 
needed f o r  a c c u r a t e  measurements and long range t e s t i n g .  Provis ions  
f o r  load and i n e r t i a  c h a r a c t e r i s t i c s  are  included i n  t h e  c a r r i a g e  de- 
s ign .  Both t h e  test  wheel and t h e  c a r r i a g e  are  powered. Canting of 
t h e  wheel whi le  loaded i s  a l s o  poss ib l e .  The t e s t  wheel i s  t o  be  
s c a l e d  i n  s i z e  and t h e  s c a l i n g  of d y n a m i c  c h a r a c t e r i s t i c s  must be  con- 
s ide red .  The hoops and r i m  of t he  wheel are t o  be in te rchangeable  f o r  
v a r i a b i l i t y  of des ign .  The t e s t  s o i l  w i l l  approximate a n t i c i p a t e d  
t e r r a i n  c o n d i t i o n s  on Mars. Provis ions f o r  monitor ing in s t rumen ta t ion  
are necessary .  
The wheel tester as b u i l t  i s  shown i n  F igures  2 1  and 22. 
T e s t  Bin S o i l  
The moi s tu re  con ten t  o f  Martian s o i l  i s  s m a l l  a s  i nd ica t ed  by 
i n f r a r e d  s p e c t r a l  a n a l y s i s  although t h e  exac t  amount i s  unknown. S ince  
presence  of water i n  t h e  s o i l  w i l l  c reate  a s l i g h t l y  cohesive s o i l  con- 
d i t i o n ,  a conse rva t ive  e s t ima te  of t h e  wheel e f f e c t i v e n e s s  w i l l  b e  
i l l u s t r a t e d  by a tes t  conducted under cohes ion le s s  s o i l  condi t ion .  
Although t h e  Mars s u r f a c e  appears  t o  be  smoother t han  t h a t  of t h e  
moon, t h e  luna r  Mars analogy appears t o  provide  a s a f e r  upper l i m i t  on 
t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
I f  a l i n e a r  .4 scale of t h e  g r a i n  s i z e  diameter  i s  adopted t h e  
type  of s o i l  necessary  would be on t h e  o rde r  of a f i n e  s i l t .  S i l t  
would be extremely d i f f i c u l t  t o  work w i t h  i n  a s o i l  b i n  because of i t s  
h i g h e r  na , tura l  cohesion,  t h e  ease of s c a t t e r i n g ,  t h e  r e t e n t i o n  of water  
and e f f e c t  of hun.:dity. The sca l ing  of  parameters  such as t h e  i n t e r n a l  
f r i c t i o n ,  cohesion and dens i ty  would complicate  t e s t i n g  beyond f e a s i b i -  
l i t y .  The assumption necessary a t  t h i s  p o i n t  i s  t h a t  t h e  s a m e  s o i l  
model can be  used f o r  t h e  s c a l e  ve r s ion  as f o r  the f u l l - s i z e d  ve r s ion .  
This  assumption i s  j u s t i i i e d  by t h e  f a c t  t h a t  t h e  g r a i n  s i z e  t o  g rouse r  
and r i m  s i z e  r a t i o  i s  very  small  and t h e  scale ve r s ion  i s  equ iva len t  t o  
t h e  f u l l  s i z e  v e r s i o n  because of weight ,  i n e r t i a  and speed s c a l i n g  
c h a r a c t e r  i s  t ics. 
T e s t  Procedures 
Test procedures  w i l l  permit changing wheel s l i p ,  load,  can t  ang le  
and s o i l  cond i t ions  f o r  each wheel t e s t e d .  
Con t ro l l ed  S l i p  
In  a programmed s l i p  test ,  t h e  wheel speed i s  l i n e a r l y  v a r i e d  
from a h igher  t o  a lower s p e e d  re la t ive  t o  t h e  c a r t  speed. 
mounted on t h e  t e s t  wheel and on t h e  motor d r i v i n g  t h e  wheel t es t  
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appa ra tus  g ive  t h e  r o t a t i o n a l  and t r a n s l a t i o n a l  speeds r e s p e c t i v e l y  
of the wheel and provide the informat ion  €o r  the amount of s l i p .  , 
The c o n t r o l l e d  s l i p  test a l s o  i s  va luab le  i n  conse rva t ive ly  
e s t i m a t i n g  t h e  s lope  cl imbing c a p a b i l i t y  of t he  wheel. The degree 
of d i f f e r e n c e  from a c t u a l  s l o p e  appears  t o  be s m a l l  and v a l i d a t e s  
t h i s  i n t e r p r e t a t i o n  of da t a .  The information necessary  f o r  p r e d i c t i o n  
of t h e  s lope  cl imbing a b i l i t i e s  from level s o i l  b i n  t es t s  i s  t h e  de- 
t e rmina t ion  of t h e  p u l l  c o e f f i c i e n t ,  P/N, which i s  drawbar p u l l  d iv ided  
by t h e  wheel load.  This  number i s  equ iva len t  t o  t h e  tangent  of t h e  
c r i t i c a l  s lope  ang le  f o r  s l i p  ra tes  of 20 pe rcen t  o r  l a r g e r .  
Load Var i a t ions  
The load can be  v a r i e d  t o  s imula t e  t h e  i n e r t i a  and load c h a r a c t e r -  
i s t i c s  t h a t  t h e  wheel w i l l  be sub jec t ed  to .  The load v a r i a t i o n s  a r e  
e f f e c t e d  i n  two d i f f e r e n t  ways.  The hub of t h e  wheel i s  loaded by 
weights  a t t ached  t o  t h e  arms wi th  t h e  c e n t e r  of mass of t h e  weight on 
l i n e  wi th  the  hub cen te r .  These weights  c o n s t i t u t e  a m a s s  approximation. 
The sp r ings  on t h e  a r m  can be compressed t o  a t t a i n  t h e  d e s i r e d  f o r c e  a t  
t h e  wheel t o  s imula te  g r a v i t a t i o n a l  e f f e c t s ,  If the  g r a v i t a t i o n a l  f o r c e  
i s  h ighe r  than  the  i n e r t i a  load approximati.on, t e n s i o n  r a t h e r  than  com- 
p r e s s i o n  sp r ings  can be used. The r e a c t i o n  f o r c e  due t o  t h e  s p r i n g s  can  
be  measured by a d j u s t i n g  t h e  cen te rpos t  t h a t  i s  a t t ached  t o  t h e  arms and 
p u l l i n g  t h e  arms down t o  t h e  h o r i z o n t a l  p o s i t i o n  wi th  a s p r i n g  s c a l e .  
The sp r ings  can r ep resen t  t h e  suspension of the v e h i c l e  when t h e  a c t u a l  
suspens ion  i s  decided upon. 
Cant Angle 
The main purpose of the can t  angle  experiment i s  t o  t es t  t h e  
f l e x i b i l i t y  of t h e  wheel r i m  and opti-mize t h e  f o o t p r i n t  c h a r a c t e r i s t i c s .  
Cant ang le  experlments can be made by t h z  r o t a t i o n  of t h e  back p l a t e  
and adjustment  of t h e  s p r i n g  assembly. The bear ing  connected t o  t h e  
c e n t e r p o s t  of t h e  sp r ing  assembly can be r o t a t e d  t o  main ta in  a v e r t i c a l  
o r i e n t a t i o n  of !,le sp r ing  assembly. The poss ib l e  can t  ang le s  of t h e  
t e s t  appara tus  are equ iva len t  t o  a 3 1  degree r o t a t i o n .  Beyond t h i s  
p o i n t  t h e  wheel would h i t  t he  t e s t  car t  o r  become inf luenced  by t h e  
s i d e  of t h e  t e s t  b in .  The 31 degree  l i m i t  was decided upon because 
of t h e  n a t u r e  of t h e  v e h i c l e  and h inges  on the  wheel. Beyond t h i s  p o i n t  
t h e  h inges  of t h e  reduced s i z e  could break  under maximum load condicions.  
The v e h i c l e  w i l l  probably n o t  be r equ i r ed  t o  ope ra t e  under g r e a t e r  c a n t  
a n g l e  cond i t ions  f o r  s a f e t y  reasons.  
S o i l  Var i a t ions  and Tests 
The s o i l  p repa ra t ion  should be accomplislied i n  t h e  fo l lowing  
manner. Water i s  added t o  the s o i l  i n  t h e  d e s i r e d  amount (.5 t o  1.8 
pe rcen t  of t h e  dry dens i ty  i n  keeping wi th  t h e  Waterways Experiment 
S t a t i o n  procedure) .  The s o i l  is thoroughly mixed t o  provide an even 
d i s t r i b u t i o n  of water.  The s o i l  i s  compacted a t  t h e  s u r f a c e  and leve led .  
The combination of moi s tu re  and compaction w i l l  vary  a l l  t h e  s o i l  para- 
meters. A s  t h e  amount of s o i l  compaction inc reases  t h e  f r i c t i o n  ang le  ’ 
i n c r e a s e s  as w e l l  a s  t h e  apparent  cohesion and t h e  d e n s i t y  c h a r a c t e r i s t i c s  
of t h e  s o i l .  A s  t h e  mois ture  con ten t  i s  increased  t h e  cohesion inc reases .  
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compaction a f f e c t s  the f r i c t i o n  ang le  and t h e  d e n s i t y  wh i l e  . ' 
mois ture  con ten t  r e g u l a t e s  t h e  s o i l  cohesion. 
Add i t iona l  work i s  requi red  i n  the  in s t rumen ta t ion  and calibra- 
t i o n  of t h e  tes t  tequipment. 
a s s o c i a t e d  w i t h  t h e  developnent work performed on t h e  .4 scale model. 
Of p a r t i c u l a r  in terest  w i l l  be t h e  areas of r a d i a l  and l a t e r a l  s t i f f -  
ness .  
The wheel t e s t i n g  w i l l  be  c l o s e l y  
A.3.b.  Wheel Analysis  - J. Kobus 
Facul ty  Advisor:  Prof.  G.  N .  Sandor 
The previous  wheel a n a l y s i s  involved a g r e a t  d e a l  of computer 
t i m e  and p o s s i b l e  round-off e r r o r s .  Therefore ,  a new method, based 
on f i n i t e  e lements ,  has been appl ied ,  Ref. 6. This  method i s  a 
ma t r ix  displacement  technique which gi.ves a c losed  form s o l u t i o n  f o r  
t h e  system displacements  a s  the bottom of t h e  wheel i s  loaded. Only 
f i v e  lower r i g h t  s i d e  hoops a re  analyzed i n  o rde r  t o  keep t h e  ma t r ix  
s i z e s  l o w .  Th i s  program quickly c a l c u l a t e s  r a d i a l  s t i f f n e s s  f o r  any 
combination of hoop and rin s t i f f n e s s e s  wi th  accuracy w i t h i n  5%. Thus, 
s i z i r , g  of wheel parameters  t o  g ive  a prcdc tern ined  s p r i n g  r a t e  i s  now 
e a s i l y  accomplished. 
T h e  computer program has  been run f o r  s e v e r a l  input  parameter 
values, t h e  r e s u l t i n g  output  tak ing  the  form of a wheel des ign  "hand- 
book". An example of t h e  output i s  given i n  Figure 23. 
Future  work i n  t h i s  a r ea  should inc lude  extensj-on t o  t c r s i o n e l  
and l a t e ra l  s t i f f n e s s  c a l c u l a t i o n s  a s  s t a b i l i t y  problems r e l a t e d  t o  
t h e s e  parameters  have been encountered. 
A . 4 .  PayloaJ Des- - J. Al-mstead 
Facul ty  Advisor:  Prof.  G .  N.  Sandor 
The o b j e c t i v e  of t h e  payload subtask  is  t h e  coord ina t ion  of a l l  
o f  t h e  MRV subsystems i n t o  an e f f e c t i v e  and r e l i a b l e  MRV systcm des ign  
capable  of execut ing  t h e  s t a t e d  mission func t ions .  The subtask  has  
t h e  r e s p o n s i b i l i t y  o f  g iv ing  fonn t o  t h e  R P I  P B V  system. While none of 
t h e  subsystems have been s p e c i f i c a l l y  designed as t o  t h e i r  make-up, it 
i s  necessa ry  t o  begin  t h e  payload design t o  i n s u r e  t h a t  t h e  R P I  MXV 
system i s  i n t e g r a t e d  wi th  r e spec t  t o  a l l  i t s  subsystems and t h e i r  re- 
quirements.  The work has  been most c l o s e l y  r e l a t e d  t o  t h e  mob i l i t y  sub- 
s y s t e m  and i t s  a s s o c i a t e d  c o l l a p s i b i l i t y  and deployment requirements ,  
and t h e  systems a n a l y s i s  task, Task 13, which involves  developing a means 
of making des ign  dec i s ions  when c o n f l i c t i n g  subsystem requirements  occur ,  
Ref .  7. 
The f i r s t  t a s k  i n  payload des ign  was t h e  d e f i n i t i o n  of c o n s t r a i n t s  
and assumptions which w i l l  serve as desi-gn g u i d e l i n e s .  A d e s c r i p t i o n  
of  t h e  subsystems t o  be included as w e l l  as t h e  system and subsystem 
c o n s t r a i n t s  was requi red .  The fo l lowing  i s  a p a r t i a l  l i s t  of t h e  areas 
where assumptions and c o n s t r a i n t s  apply.  
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s i z e  
shape 
weight 
c e n t e r  of g r a v i t y  l o c a t i o n  
f r o n t  /rear weight  r a t i o  
c o l  l a p s  i b  il i t y  
access  t o  s o i l  samples 
s to rage  and t e s t  bays 
chemical s to rage  
imaging 
t e s t . equipment 
Communications 
a. 
b. low gain antenna 
high ga in  antenna and antenna p o i n t i n g  
Thermal Control  
a. r a d i a t o r s  
b.  compressor 
c. i n s u l a t i o n  
Landing 
a. terminal descent  r o c k e t r y  and f u e l  
b.  landing radar  
c .  a b i l i t y  t o  deploy 
Power 
a. RTG 
b. b a t t e r y  
Mart ian Atmosphere 
a. winds 200 mph t o  500 mph 
b. dus t  storms 
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The c o n s t r a i n t s  and assumptions were then t r a n s l a t e d  i n t o  des ign  
concepts .  For example, t h e  high v e l o c i t y  Martian winds r e q u i r e  a pay- 
load  package which minimizes the aerodyn&iic f o r c e s  ; t h e  thermal  c o n t r o l  
r e q u i r e s  r a d i a t o r  pane ls  on the s i d e s  of t h e  payload; t he  power system 
r e q u i r e s  space and thernial sh i e ld ing  f o r  l a r g e  RTG.packages; and t h e  
landing  sequence r e q u i r e s  placement of rocke t ry  and f u e l  on t h e  v e h i c l e  
f o r  descent .  
The d e f i n i t i o n  of des ign  concepts  po in ted  out  a r e a s  where ad- 
d i t i o n a l  in format ion  and t e s t i n g  i s  requi red .  The most c r i t i c a l  t e s t i n g  
at this  p o i n t  concerns the  winds which t h e  v e h i c l e  w i l l  exper ience  on 
t h e  Mart ian s u r f a c e .  R e s u l t s  from t h i s  a n a l y s i s  and dus t  accumulat ion 
t e s t i n g  w i l l  be  s i g n i f i c a n t  in  de te rmining  t h e  form and shape of t h e  
v e h i c l e  system. 
The wind t e s t i n g  has  been designed t o  c l a r i f y  the e f f e c t  of t h e  
44 
winds on appendage l o c a t i o n ,  RTG loc'atiozi' and o r i e n t a t i o n ,  payload 
body angle  r e l a t i v e  t o  t h e  sur face ,  ove r tu rn ing  moments, s t a b i l i t y , '  
and an e s t ima t ion  of t h e  vehic le  drag  c o e f f i c i e n t  f o r  several 
o r i e n t a t i o n s  of t h e  v e h i c l e  r e l a t i v e  t o  t h e  wind d i r e c t i o n .  This  
w i l l  be  a r e s u l t  of t h e  a n a l y s i s  of t h e  experimental  aerodynamic 
loading  da ta .  
For t h e  wind t e s t i n g  it i s  necessary  t o  d e f i n e  t h e  Martian 
atmosphere, It i s  thought t o  be composed of most ly  C Q ,  wi th  a 
temperatures  which vary  i n  the range of 150°K t o  250°K, Ref. 8. 
For  modeling purposes t h e  bas ic  flow regime of t h e  Martian atmosphere 
must be  determined r e q u i r i n g  an estimate of t h e  Reynolds number f o r  
t h e  atmosphere. 
d e n s i t y  i n  t h e  range of loe5  gms/cm 3 , pres su re  of 10 m i l l i b a r s  and 
where U = v e l o c i t y  u L y  R e  = 
P L = l eng th  
p = d e n s i t y  
,LA, = dynamic v i s c o s i t y  
3 A v e l o c i t y  of 9.0 x 10 
c u l a t i o n s .  
C02 a t  1.3OC. 
e a r t h  atmosphere a t  100,000 f t .  where t h e  phys ica l  c h a r a c t e r i s t i c s  
are s i m i l a r  t o  t h e  Martian atmosphere w i t h  a v i s c o s i t y  of 9.9306 x 
l b s / f t  sec o r  about  1.5 x l om4  gm/sec cm). 
t h e  approximate length  of t h e  proposed payload body. 
m/sec was chosen a s  a s t a r t i n g  po in t  f o r  c a l -  
Support f o r  t h i s  va lue  comes from t h e  v i s c o s i t y  of t h e  
The V i s c o s i t y  f igu re  of 1.35 x l o m 4  gm/cm s e c  i s  t h a t  of 
The va lue  of  L w a s  150 c m ,  
V e l o c i t i e s  i n  t h e  range o f  200 mph t o  500 mph and d e n s i t i e s  i n  
t h e  r.ange of 1 x 10-5 gm/cm3 t o  2 1: 
i n g  Reynolds numbers. 
gm/crn3 r e s u l t  i n  t h e  fol low- 
R e  3 U i n  m i l e s / h r  f) i n  gm/cm 
200 1 10 , 000 
200 2 20,000 
500 2 50,000 
With Reynolds numbers i n  t h i s  range,  t h e  aerodynamic drag may be 
ca . lcu la ted  us ing  t h e  expression a p p l i e d  f o r  l o w  Reynolds numbers : 
2 Drag- f o r c e  = Drag c o e f f i c i e n t .  x- dynamic pressure-  x normal 
su r face  area (where dynamic p res su re  = q = %pU 
2 q i n  dynes/cm 3 U i n  m i l e s / h r  p i n  gm/cm 
2 
200 1 10"~ 810 (1.692 l b s / f t  ) 
500 2 5060 (10.57 l b s / f t 2 )  
A problem wi th  wind tunnel  t e s t i n g  i s  t h e  d e n s i t y  of t h e  atmos- 
phere  i n  t h e  tunne l  be ing  on the o rde r  of one hundred t imes g r e a t e r  
-- 5 .- 
t h a n  t h a t  of t h e  Martian atmosphere. 
of t h e  v e h i c l e  on Mars, much lower v e l o c i t i e s  w i l l  b e  requi red .  
To model the dynamic l o a d i n g :  
Once t h e  form of t h e  v e h i c l e  system has  been e s t a b l i s h e d ,  t h e  
placement of subsystem components determines t h e  f i n a l  v e h i c l e  system. 
The subsystem c o n s t r a i n t s  and requirements  are n o t  w e l l  de f ined ,  so  
t h a t  as a d d i t i o n a l  information becomes a v a i l a b l e  t h e  payload des ign  
w i l l  be  updated. 
In placement of  t h e  subsystems t h e r e  are t h r e e  f a c t o r s  which must 
b e  cons idered:  1) t h e  subsystem must perform i t s  mission f u n c t i o n  
wi thou t  i n t e r f e r r i n g  wi th  o the r  systems,  2 )  t h e  subsystem must f i t  
i n s i d e  t h e  capsule ,  and 3) the composite v e h i c l e  system must have a 
center of g r a v i t y  loca t ed  wi th in  c e r t a i n  limits. It i s  a l s o  important  
t h a t  t he  subsystems be as f l e x i b l e  as poss ib l e ,  t o  permi t  a l t e r i n g  of 
t e s t i n g  procedures  as may becone necessary  o r  des i r ed .  
The maximum weight d e l i v e r a b l e  t o  Mars i s  r e s t r i c t e d  by the  de- 
l i v e r y  system. It i s  t h e r e f o r e  important  t h a t  t h e  v e h i c l e  s t r u c t u r e  
weight  be minimized t o  p e r m i t  the  l a r g e s t  payload f r a c t i o n .  A s t r u c -  
t u r a l  a n a l y s i s  i s  necessary  t o  i n s u r e  minimum v e h i c l e  s t r u c t u r e  weight.  
Analysis  of t h e  composite vehicl-e  system w i l l  be  r equ i r ed  i n  t h e  
areas o f :  * v e h i c l e  dynamics; s y s t e m  ope ra t ion  and r e l i a b i l i t y ;  c o l l a p s a -  
b i l i t y ,  l anding  and deployment; v e h i c l e  s t a b i l i t y ;  and o b s t a c l e  nego t i a -  
t i o n .  Following t h e  a n a l y s i s ,  a comparison s tudy w i l l  be made of t h e  
RPI lmi7 w i t h  t h e  c a p a b i l i t i e s  and d e f i c i e n c i e s  of o t h e r  proposed Mart ian 
Roving Vehicle  systems. 
Task B. Systems Analysis  
The o b j e c t i v e  of t h i s  t a s k  i s  t o  develop a framework w i t h i n  which 
v e h i c l e  des ign  d e c i s i o n s  involv ing  c o n f l i c t i n g  requirements  can b e  made. E f f o r t s  
dur ing  t h e  p a s t  pe r iod  have been d i r e c t e d  tova.rds: op t imiza t ion  of t h e  o r i g i n a l  
system model, t h e  e f f e c t  of changing design-depend? I t  assumptions on t h e  system 
model, accessory  opt imal  s o l u t i o n s  f o r  des ign  parameter p e r t u r b a t i o n s ,  and t h e  
on - b oa r  d computer subsystem, 
B. 1. System Design Optimizat ion ______- f o r  
C. Pava r in i ,  N .  Vandenburg 
Facu l ty  Advisor: Prof .  E.  J.. Smith - 
t h e  Or ig ina l  System Model - 
This  t a s k  bases  i t s  work on t h e  premise t h a t  t h e  des ign  f o r  
t h e  Elars roving  v e h i c l e  (E-IRV) can be c h a r a c t e r i z e d  by a b a s i c  se t  
of s ta tes  and a l l  t h e  o t h e r  f a c t o r s  which go i n t o  the des ign  can  
b e  c a l c u l a t e d  from these  s t a t e s .  The set  of equa t ions  which dcs- 
c r i b e  how t h e  o ther  f a c t o r s  a rc  c a l c u l a t e d  from t h e  s t a t e  v a r i a b l e s  
i s  r e f e r r e d  t o  a s  t h e  o r i g i n a l  model. P re sen t ly  t h e s e  equa t ions  
are b a s i c a l l y  t h e  same a s  t h e  equat ions  i n  Ref. 9. IIowever, through 
working wi th  these  equa t ions  i t  became apparent  t h a t  some of them 
needed s l i g h t  modi f ica t ion  and so  t h e  o r i g i n a l  model was a l t e r e d  t o  
inc lude  t h e  improved equa t ions  f o r  same of t h e  subsystems f o r  t h e  
EIRV . 
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The reason  f o r  modeling &e MRV#on a ' - t o t a l  system b a s i s  i s  
so  t h a t  an opt imal  des ign  can be found through t h e  use  of mathe- 
mat ical  programming t o  search  f o r  l o c a l l y  opt imal  des ign  over  a . 
prope r ly  l i m i t e d  reg ion  of s ta te  space.  It should be noted t h a t  . 
t h e  s ta te  v a r i a b l e s  inc lude  both des ign  and o p e r a t i o n a l  cons idera-  
t i o n s  s i n c e  t h i s  design procedure cons ide r s  t h e  t o t a l  system. The 
reason  f o r  t h e  " loca l ly"  optimal des ign  f o r  t h e  MRV i s  due t o  t h e  
sea rch  r o u t i n e  be ing  a b l e  t o  only "see" l o c a l l y  and t h e  n o n l i n e a r  
n a t u r e  of t h e  system eva lua t ion  func t ion .  It i s  be l i eved  t h a t  
through t h e  use  of  d i f f e r e n t  s t a r t i n g  p o i n t s  t h a t  g l o b a l  maximum of 
t h e  system eva lua t ion  func t ion ,  Ref. 9 ,  can be found. 
. 
As mentioned above, t h i s  t a s k  has  as i t s  o b j e c t i v e  t h e  opt imiza-  
t i o n  of t h e  des ign  of  t h e  o r i g i n a l  NRV model. The use  of  t h e  non l inea r  
programming (NLP) techniques  of ex t remiz ing  a system e v a l u a t i o n  func- 
t i o n  sub jec t  t o  va r ious  i n e q u a l i t y  c o n s t r a i n t s .  In o rde r  t o  pu t  t h e  
modeling equa t ions  of t h e  o r i g i n a l  model i n t o  t h e  proper  form, ex- 
t e n s i v e  a l g e b r a i c  rearrangement was r eces sa ry .  
t h e  system eva lua t ion  func t ion  had t h e  form of one extremely non- 
l i n e a r  f u n c t i o n  i n  twelve v a r i a b l e s .  This  f u n c t i o n  w a s  t o  be  
maximized s u b j e c t  t o  v a r i o u s  incqual i t y  c o n s t r a i n t s  , t h a t  i s  con- 
s t r a i n t s  of t h e  forni g i  (x) These inc lude  t h e  
t r i v i a l  c o n s t r a i n t s  , tha t - i s  those vh ich  r c q u i r e  t h e  s t a t e  v a r i a b l e s  
t o  be  pos i t i ve , and  v a r i o u s  o ther  f a c t o r s  which are c a l c u l a t e d  from 
t h e  states t o  a l so  bz p o s i t i v e .  For exanplc ,  it i s  necessary  t h a t  
t h e  weight of t h e  communications system be  p o s i t i v e .  However, t h e  
weight  of t h i s  system i s  a func t ion  of t h e  s ta te  v a r i a b l e s .  In t h i s  
c a s e ,  i t  i s  a func t ion  of t h e  power f o r  c o m u n i c a t i o n  and t h e  area 
of t h e  antenna. 
A f t e r  rearrangement 
2 0, i = 1,. ..., m. 
The n o n l i n e a r i t y  of t h e  problem cannot  be overemphasized. The 
system model has s e v e r a l  nonl inear  r e l a t i o n s h i p s  inhe ren t  i n  t h e  sub- 
systems,  no tab ly  the  thermal  c o n t r o l  subsystem where thcrmcll r a d i a t i o n  
in t roduces  f o u r t h  o rde r  n o n l i n e a r i t i e s  i n  s e v e r a l  of t h e  system equa- 
t i o n s  f o r  t h i s  subsystem. The communications subsystem in t roduces  a 
mi ld  n o n l i n e a r i t y  due t o  t h e  rate of communicdtions be ing  p r o p o r t i o n a l  
t o  t h e  product  of t h e  power f o r  communication? and t h e  area o€ t h e  
antenna.  The o b s t a c l e  avoidance subsystem in t roduces  several terms of 
exponen t i a l  form. These and o the r  n o n l i n e a r i t i e s  combine t o  produce 
an extremely non l inea r  system eva lua t ion  func t ion .  
This  problem s ta tement  lends i t s e l f  t o  a NLP procedure,  Ref. 10,  
which w i l l  a l l ow the  progranmer t o  inc lude  t h e  i n e q u a l i t y  c o n s t r a i n t s  
q u i t e  e a s i l y .  
Unconstrained Minimization Technique (SlJbT) , was obta ined  e a r l y  i n  t h e  
f a l l  of 1971 and was i n s t a l l e d  upon RPI's IBM 360/50. The manner i n  
which t h i s  ve ry  genera l  technique i s  be ing  used i s  as fo l lows :  
NLP problem i s  minimize F(x)  - s u b j e c t  t o  g i (x)  0 ,  i = l , . . . , m .  This  
problem i s  so lved  through t h e  u s e  of an i n t e r i o r  pena l ty  f u n c t i o n  
method and a sequence of unconstrained problems i s  so lved  t o  a r r i v e  a t  
t h e  s o l u t i o n  t o  t h e  cons t ra ined  problem. In p a r t i c u l a r ,  SLJFlT forme t h e  
f u n c t i o n  P ( x , r )  - = F ( x ) - r f  - Q.,+[gi(;)l and minimizes t h i s  f u n c t i o n  f o r  a 
L: I 
This  procedure,  Ffacco and PfcCoimick's Sequen t i a l  
The 
2 z 3 -  
dec reas ing  sequence of r values .  Note how t h e  pena l ty  term s h a p e s :  
t h e  system e v a l u a t i o n  func t ion  F ( x )  s o  t h a t  t h e r e  is a g r e a t e r  
chance of converging t o  the  dominate minimum and a l s o  n o t e  t h a t  t h e  
P f u n c t i o n  i n c r e a s e s  a s  a boundary is  approached so t h a t  t h e  s e - '  
quence of minimizat ions s t a y s  i n s i d e  t h e  f e a s i b l e  reg ion .  There 
are some problems which t h i s  vers ion  of S W  s u f f e r s  from, n o t a b l y  
t h e  problem of convergence and some programming problems i n  t h e  a r e a  
of t h e  numerical  d i f f e r e n c i n g  used t o  determine t h e  g r a d i e n t  a t  the 
v a r i o u s  po in t s .  
There were many prel iminary e f f o r t s  i n t o  the  area of programming 
t h e  o r i g i n a l  system of equat ions f o r  t h e  model of t h e  rover.  A f t e r  
much rearrangement of t h e  modeling equa t ions  and some s i m p l i f i c a t i o n  
and c o r r e c t i o n  of t h e  modeling several l o c a l l y  opt imal  p o i n t s  were 
found f o r  t h e  o r i g i n a l  system model.. These s o l u t i o n s  were n o t  very  
s a t i s f a c t o r y  and a s  a r e s u l t  the modeling f o r  s e v e r a l  of t h e  subsystems 
w a s  reexamined. In p a r t i c u l a r  t h e  manner of ope ra t ion  of t h e  b a t t e r i e s  
w a s  changed due t o  t h e  problem of excess ive  time between recharges .  
The former assumption w a s  t h a t  t h e  b a t t e r i e s  would be  used r i g h t  a long  
as t h e  rove r  w a s  moving. The new assui ipt ion i s  t h a t  t h e  b a t t e r i e s  
would only be used when the  rover exceeds a p a r t i c u l a r  des ign  maximm 
(i.e. RTG power i s  s u f f i c i e n t  f o r  "normal" ope ra t ion )  and would o ther -  
wise be  unused. The o the r  subsystem which was reexamined was t h e  
thermal  c o n t r o l  subsystem. It w a s  t h e  theitnal c o n t r o l  subsystem which 
caused most of t h e  problems i n  t h e  pre l iminary  e f f o r t s  and i t  w a s  t h i s  
subsystem which had t o  be  changed and s i m p l i f i e d  s o  t h a t  a s o l u t i o n  t o  
t h e  op t imiza t ion  problem was poss ib le .  The modeling f o r  t h e  thermal  
c o n t r o l  subsystem w a s  reviewed and s e v e r a l  nevr terms were added t o  t h e  
equa t ions  f o r  t h i s  subsystem. Heat loss  by convect ion and h e a t  ga in  
from i n f r a r e d  r a d i a t i o n  from t h e  surrounding atmosphere were t h e  t w o  
major a d d i t i o n a l  cons idera t ions .  When t h e s e  two a d d i t i o n a l  cons idera-  
t i o n s  were included t h e r e  were s t i l l  problcms w i t h  t h e  thermal  c o n t r o l  
Subsystem which led t o  t h e  r econs ide ra t ion  of t h e  f e a s i b i l i t y  of t h e  
"heat p ipes  only" method of cooling. It was dccided t h a t  t h e  h e a t  p i p e s  
d i d  n o t  provide enough cool ing  t o  meet t h e  r equ i r ed  i n t e r n a l  temperature  
range requirement of between 290 and 310°K. 
modif ied t o  inc lude  a compressor t y p e  system. 
7 , e r e f o r e  the  model was 
Some o t h e r  c o n s t r a i n t s  were added as a r e s u l t  of t he  p re l imina ry  
e f f o r t s .  It was no t i ced  t h a t  t h e r e  w e r e  i n s u f f i c i e n t  c o n s t r a i n t s  on 
t h e  r eg ion  of s t a t e  space i n  which t o  sea rch  f o r  a n  opt imal  des ign .  
I n  p a r t i c u l a r ,  t h e  s i z e  of the  an tenna  w a s  q u ' t e  l a r g e  (2.9m.dia.)  and 
t h e  area of t h e  o u t s i d e  s k i n  was s m a l l .  (G 5 m ). A s  a r e s u l t  of t h e  
s m a l l  s u r f a c e  area and poor thermal c o n t r o l  modeling, t h e  thermal  in-  
s u l a t i o n  took up more volume than t h e r e  was i n  t h e  equipment package. 
Th i s  i nd ica t ed  a need f o r  a c o n s t r a i n t  on the  th i ckness  of i n s u l a t i o n  
and thus  t h e  volume of t h e  equipment package w a s  r equ i r ed  t o  be pos i -  
t ive.  Other changes inc lude  the r e l i n e a r i z a t i o n  of t h e  weight of t h e  
communicator func t ion  about  a more reasonab1.e des ign  p o i n t  and t h e  
r educ t ion  of t h e  r a t i o  of v e h i c l e  t o  instrument  package weight from 
2 / 3  t o  1 / 2  t o  t ake  i n t o  account new informat ion  provided by Task A. 
These and o t h e r  minor changes i n  t h e  v a l u e s  of cons t an t s  b r i n g  t h e  
o r i g i n a l  model up t o  d a t e .  
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The p r e s e n t  e f f o r t  l ies in  t h e  area of reprogramming t h e  , ; 
original  model so as t o  incorpora te  t h e  changes l i s t e d  above. Some 
very pre l iminary  r e s u l t s  i n d i c a t e  t h a t  a p o s s i b l e  opt imal  des ign  ' 
is  one of l a r g e  communications system ( a n t e n n a L 1 . 7  m d i a .  i.e. 
m a x i m u m  d iameter  allowed 
d a t a  rate -18931 b i t s / s e c )  and s m a l l  science s e c t i o n  (weight of 
s c i e n c e  - 50 Kg i.e. smallest allowed ). When compared w i t h  t h e  
rest of t h e  des ign  t h e  power system i s  reasonable  (energy of 
b a t t e r i e s  e 1 5  wat t /hr . ,  power of r . t . g . ' s \ r  5 5 4 ) .  The c o n s t r a i n t s  
which w e r e  active as t h i s  po in t  were: 
, power N 150 w a t t s ,  w e i g h t b  163 Kg, 
t o t a l  weight C al lowable launch weight (i.e. 570 Kg) 
d iameter  of antenna g f i  m 
v e l o c i t y  of m o t i o n s  1.5 m 
area of o u t s i d e  sk in  & 8 m 
weight of s c i ence  2 50 Kg 
maximum des ign  s lope  6 20 
2 
0 
It should b e  noted t h a t  t h e s e  r e s u l t s  are p re l imina ry  and were 
obta ined  from an  incomplete model s i n c e  t h e r e  w a s  no real c o n t r o l  on 
modeling of t h e  thermal c o n t r o l  system, namely t.he weight of t h e  com- 
p r e s s o r  as a func t ion  of t h e  hea t  t o  b e  removed and t h e  tempera ture  
g rad ien t .  
Future  work involves  using d i f f e r e n t  s t a r t i n g  p o i n t s  and model- 
ing  of t h e  weight of t h e  compressor. Af t e r  t h i s  area of work i s  
completed o t h e r  models can be cons idered ,  no tab ly  those  which r e s u l t  
from 
B.2. 
t h e  work of Task B.2. 
E f f e c t  of Changing Design-Dependent Assunptions on t h e  System Model 
Lance Lieberman 
Facul ty  Advisor:  Prof .  E. J. Smith 
In formula t ing  t h e  system model f o r  a semi-autonomous Mars 
roving  v e h i c l e ,  Ref. 7 ,  it was necessary  t o  make v a r i o u s  assumptions 
i n  o r d e r  t o  c o n s t r a i n  t h e  model f o r  so lu t ion .  Many of t h e s e  assump- 
t i o n s  merely e n t a i l e d  f i x i n g  parameters and c o n s t a n t s  a t  reasonable  
va lues ;  however, several were b a s i c  t o  t h e  e n t i r e  model, and a change 
i n  any one such important  concept could n e c e s s i t a t e  remodeling whole 
subsystems and t h e i r  governing equat ions .  Since t h e  assumptions em- 
ployed were made on t h e  b a s i s  of p re sen t  a v a i l a b l e  knowledge and 
expec ta t ions ,  t h e r e  w a s  no reason t o  b e l i e v e  t h a t  an a l t e r n a t e  con- 
f i g u r a t i o n  o r  idea  c o u l d n ' t ,  o r  wouldn ' t ,  be  embodied i n  t h e  f i n a l  
design.  
The o b j e c t i v e  of t h i s  subtask has  been a c o n s i d e r a t i o n  of  
a l t e r n a t e  des ign  assumptions; t h e  model must be  f l e x i b l e  enough t o  
accep t  major  changes i n  design-dependent assumptions.  By remodeling 
t h e  e n t i r e  system of equat ions  a s  necessary  t o  r e p r e s e n t  a p a r t i a l l y  
a l t e r e d  v e h i c l e ,  t h e  e f f e c t  on t h e  va r ious  parameters  and t h e  o v e r a l l  
changes i n  t h e  model can be examined. 
o b j e c t i v e  f u n c t i o n ,  f o r  example, could i n d i c a t e  a more e f f i c i e n t  I 
system and might b e  cause  f o r  f u r t h e r  i n v e s t i g a t i o n s  i n  t h e  same 
d i r e c t  ion. 
A s i g n i f i c a n t  rise i n  the '  
' 
The f i r s t  s tudy  performed w a s  t h e  a d d i t i o n  of an active, 
s t a t i o n a r y  o r b i t e r  l i n k i n g  the r o v e r  w i t h  t h e  e a r t h  ground s t a t i o n .  
In  t h e  o r i g i n a l  system model, Task B.1,  a d i r e c t ,  two-way veh ic l e -  
e a r t h  communication l i n k  w a s  assumed. The a d d i t i o n  of an active,  
s t a t i o n a r y  relay o r b i t e r  a t  an approximate a l t i t u d e  of for ty- thousand 
k i lome te r s  above t h e  Mart ian s u r f a c e  has  s e v e r a l  immediately d i sce rn -  
a b l e  advantages;  n o t  on ly  does i t  c u t  down necessary  communications 
power on-board t h e  v e h i c l e ,  a l lowing a decrease  i n  necessary  power 
a l lo tmen t  t o  t h e  communications subsystem and/or  a corresponding i n -  
crease i n  t h e  d a t a  rate,  b u t  it h a s  t h e  a d d i t i o n a l  d e s i r a b l e  advantage 
of a l lowing  v e h i c l e - o r b i t e r  communication a t  any t i m e  (cont inuous 
window), and subsequent r e l ay ing  t o  e a r t h  dur ing  an increased  t i m e  
per iod .  
A set of equa t ions  spec i fy ing  t h e  c h a r a c t e r i s t i c s  of t h e  con- 
f i g u r a t i o n  w a s  solved and l e d  t o  t h e  conclus ion  t h a t  t h e  prime e f f e c t  
of i n t roduc ing  t h e  o r b i t e r  l ink  i n  t h e  communication system w a s  t o  
remove any bounds on t h e  d a t a  ra te  f o r  t h e  rover.  In terms of t h e  
p re sen t  system model, t h e  e f f e c t  w a s  t h e  removal of one equat ion ,  and 
t h e  removal of several terms i n  v a r i o u s  o t h e r  equat ions  which involved 
t h e  d a t a  rate. 
It should be noted t h a t  t h e  de te rmina t ion  of t h e  o r b i t e r  
s p e c i f i c a t i o n s  w a s  n o t  w i t h i n  t h e  scope of t h i s  s tudy  -- r a t h e r ,  
t h e  ques t ion  cons idered  w a s  given t h i s  a d d i t i o n a l  l i n k  i n  t h e  system, 
what w i l l  t h i s  a l ternate  communication conf igu ra t ion  buy i n  terms of 
v e h i c l e  performance e f f i c i ency .  
d a t a  r a t e ,  a t  t h e  expense of t h e  des ign  and o r b i t i n g  of t h e  r e l ay .  
Fu r the r ,  t h e  assumption regarding t h e  s t a t i o n a r i t y  of t h e  o r b i t e r  may 
be  removed wf thout  changing any of t h e s e  r e s u l t s  -- t h e  only e f f e c t  i s  
t h e  a d d i t i o n  of a f i n i t e  communications window. 
The answer i s  c l e a r l y  an u n r e s t r i c t e d  
A second s tudy  performed involved cons ide ra t ion  of a change t o  
a six-wheeled, t r i p l e  compartment v e h i c l e  s i m i l a r  t o  t h a t  cons idered  
i n  R e f .  11. Such a v e h i c l e ,  wi th  two thermally c o n t r o l l e d  areas, as 
opposed t o  one f o r  t h e  o r i g i n a l l y  modeled four-wheel rove r ,  p resented  
a new set of unique problems wi th  regard  t o  h e a t i n g  and cool ing .  It 
w a s  assumed throughout t h a t  the f i r s t  (forward) compartment conta ined  
t h e  sc i ence  exper imenta l  and e l e c t r o n i c s  equipment, whi le  t h e  second 
( c e n t e r )  package conta ined  a l l  a d d i t i o n a l  subsystem e l e c t r o n i c s ,  in- 
c lud ing  t h e  d a t a  p rocess ing  u n i t ;  fu r thermore ,  bo th  compartments w e r e  
assumed t o  b e  of equal  s i z e  and r e c t a n g u l a r  shape. Another primary 
assumption involved t h e  placement of t h e  r a d i a t i n g  s u r f a c e s  of t h e  
two forward compartments on the f r o n t  and rear s u r f a c e s  of each 
c u b i c l e ;  whi le  t h i s  was in  agreement w i t h  present  expec ta t ions  and 
placement i n  t h e  four-wheeled RPI MRV, it n e c e s s i t a t e d  t h e  a d d i t i o n  
of terms i n  t h e  modeling equat ions f o r  conduct ion between t h e  a d j a c e n t  
r a d i a t o r s .  It was determined t h a t  p l a c i n g  t h e  r a d i a t o r s  on t h e  o u t e r  
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( s i d e )  s u r f a c e s  of t h e  compartments e l imina ted  t h e  coupl ing  be- . 
tween t h e  two packages b u t  increased t h e  power r equ i r ed  f o r  thermal  
c o n t r o l  due t o  smaller r a d i a t i o n  s u r f a c e  areas on each compartment. 
Because many changes were necessary in  t h e  thermal  c o n t r o l  sub- 
system of t h e  v e h i c l e ,  a new set of equa t ions  was  de r ived  us ing  h e a t  
ba l ances  f o r  t h e  t h r e e  major po r t ions  of t h e  subsystem -- t h e  body 
(compartment) s k i n ,  t h e  r a d i a t o r s ,  and t h e  i n t e r n a l  region.  By con- 
s i d e r i n g  each of t h e s e  reg ions  i n d i v i d u a l l y ,  and each under 'day'  and 
' n i g h t '  cond i t ions ,  a set of four teen  equa t ions  i n  s i x t e e n  unknowns 
evolved. These were reduced t o  e i g h t  s ta te  v a r i a b l e s  i n  f o u r  equa- 
t i o n s ,  t h e s e  be ing  t h e  'day '  and ' n i g h t '  t empera tures  of t h e  s k i n  and 
r a d i a t o r s  f o r  each  compartment. 
duced t o  two states, f o u r t h  power r a d i a t i o n  terms i n  t h e  equa t ions  
proved extremely d i f f i c u l t  t o  handle  i n  such a case. 
While t h e  model could  have been re- 
Future  work on t h i s  subtask should b e  aimed toward computer 
s o l u t i o n s  f o r  t h e  e n t i r e  model f o r  each of t h e s e  a l t e r n a t e  conf igura-  
t i o n s .  
t o  determine t h e  o p e r a t i o n a l  d e s i r a b i l i t y  of t h e  changes i n  terms of 
t h e  miss ion  success  cr i ter ia .  
The e f f e c t  on t h e  o b j e c t i v e  func t ion  i s  p a r t i c u l a r l y  important 
B.3. Accessory Optimal Solu t ions  f o r  Design Parameter P e r t u r b a t i o n s  - 
Carl Pava r in i  
Facul ty  Advisor:  Prof .  E. J. Smith 
This  s e c t i o n  r e p o r t s  work accomplished f o r  t h e  pe r iod  1 J u l y  
t h r u  31 December 1971. For  the remainder of t h e  pe r iod  covered by 
t h e  p rogres s  r e p o r t ,  t h e  au thor  has  been involved i n  work r epor t ed  
under Task B . l .  A m a j o r  reason f o r  t h i s  a l l o c a t i o n  of e f f o r t  i s  
t h a t  t h e  n e x t  l o g i c a l  s t e p  i n  con t inu ing  work w i t h  accessory  opt imal  
s o l u t i o n s  ( s e n s i t i v i t y  a n a l y s i s )  r e q u i r e s  a t  least p a r t i a l  comple- 
t i o n  of Task B . l .  S p e c i f i c a l l y ,  an  opt imal  des ign  s o l u t i o n  must be 
known be fo re  t h e  method presented below can be u t i l i z e d .  
Consider t h e  s i t u a t i o n  where an  opt imal  des ign  v e c t o r  has  been 
determined f o r  a given mathematical  model of a system (Task B . l . ) .  
Suppose t h a t  one ( o r  more) of t h e  components of t h e  v e c t o r  ( i . e . ,  
one o r  more des ign  parameters) ,  must b e  ad jus t ed .  This  may b e  due 
t o  f a c t o r s  n o t  cons idered  i n  t h e  model: 
a. Although t h e  model equat ions  are cont inuous,  
perhaps i t  i s  n o t  f e a s i b l e  t o  des ign  f o r  t h e  t r u e  
opt imal  v a l u e  o f  a parameter (e.g., i f  t h e  opt imal  
s o l u t i o n  r equ i r e s  a communication d a t a  ra te  of 
1.347 K, it may be  more reasonable  t o  use  a 1.5 K 
v a l u e  f o r  hardware design)  
b. Perhaps an ou t s ide  c o n s t r a i n t  is added (e.g., t h e  
opt imal  s o l u t i o n  r e q u i r e s  t h e  v e h i c l e  t o  c l imb 
slope's now considered t o o  hazardous i n  terms of 
wheel s l i ppage  c o n s i d e r a t i o n s )  
C. It may be  advantageous t o  use  a cer ta in  piece of 
off- the-shelf-hardware,  and i t s  des ign  v a l u e s  may 
n o t  c o i n c i d e  with t h e  determined opt imal  va lues .  
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In any of t h e s e  cases, it  would .be d e s i r a b l e  t o  know how t o  ~ 
r e a d j u s t  t h e  v a l u e s  of t h e  design parameters t h a t  were unperturbed 
by t h e  r equ i r ed  change i n  order  t o  ma in ta in  t h e  opt imal  p rope r ty  * 
of t h e  so lu t ion .  
The t a s k  of t h i s  s e n s i t i v i t y  a n a l y s i s ,  then,  i s  t o  determine 
t h e  opt imal  manner i n  which t o  a d j u s t  t h e s e  des ign  parameters  
relative tc  t h e  i n i t i a l  pe r tu rba t ion .  
t h e  problem when one parameter undergoes a r equ i r ed  p e r t u r b a t i o n  by 
some " s m a l l "  amount. 
t h e  gene ra l  n o n l i n e a r  op t imiza t ion  problem t o  a set of l i n e a r  in-  
e q u a l i t i e s ,  t hus  much reducing t h e  complexity of t h e  problem as com- 
pared t o  t h e  o r i g i n a l  system opt imiza t ion .  The s e n s i t i v i t y  approach 
has  t h e  advantage t h a t  it i s  no longer  necessary  t o  r e s o l v e  t h e  non- 
l i n e a r  op t imiza t ion  problem each time a des ign  parameter ( s t a t e )  i s  
per turbed .  
Work done t o  d a t e  c o n s i d e r s  
-
L i n e a r i z a t i o n  techniques  are employed t o  reduce 
Mathematical  Analysis  of t h e  Problem 
The o r i g i n a l  system design op t imiza t ion  problem has  been c a s t  
i n  t h e  form: 
max f ( x )  
s u b j e c t  t o  g .  (x) >, 0 i=1 ,2  ,... , r  
1 
h j ( x )  = 0 j = 1 , 2 ,  ... , s 
where x i s  t h e  n-dimensional v e c t o r  of des ign  parameters and f and 
a l l  t h e  g i  and h j  a r e ,  i n  gene ra l ,  non l inea r  f u n c t i o n s  of t h e  com- 
ponents  of x. - 
The opt imal  s o l u t i o n  (x") i s  known by s o l u t i o n  of t h e  o r i g i n a l  
problem. Of t h e  r i n e q u a l i t y  c o n s t r a i n t s  one o r  more may be a c t i v e  
(i.e., equal  t o  7ero) a t  x". Appending t h e s e  t o  t h e  s h j ' s  g i v e s  a 
set  of m e q u a l i t y  r e l a t i o n s  a t  x", where m < n, which now w i l l  be 
denoted h j -1 ,2 ,  ..., m. 
-L 
j' 
A necessary  cond i t ion  a t  t h e  opt imal  s o l u t i o n  i s  t h e  LaGrange 
c o n d i t i o n  
where 
and 
* T A  3c 
F(x*) = V f ( x  ) + V H  (x ))\  = 0 
V f i  = ;g- 
i 
Q H  i s  an  m x n mat r ix  
3\ i s  an  m v e c t o r  of LaGrange m u l t i p l i e r s .  
* * 
Since  x 
s o l u t i o n  of n l i n e a r  e q u a l i t i e s .  However, s i n c e  x i s  found by , 
i terative sea rch ,  t h e  LaGrange cond i t ion  equa t ions  may n o t  be  , 
a c c u r a t e l y  s a t i s f i e d  and it may be necessary  t o  s o l v e  f o r  A *  i n  
a l e a s t - s q u a r e s  sense. 
is known, t h e  problem of f i n d i n g  t h e  A v$ctor  is t h e  
I f  x ( t h e  f i r s t  component of x )  is t o  be  pe r tu rbed ,  1 
A t  t h e  new opt imal  ( x ' )  t h e  LaGrange cond i t ion  must a l s o  ho ld :  
where Y i s  a new LaGrange m u l t i p l i e r ,  and t h e  v e c t o r  (\) i s  t h e  
g r a d i e n t  of t h e  new c o n s t r a i n t  on x 
A Taylor  f i r s t - o r d e r  expansion of F(x) about x y i e l d s  
0 1' 
-k 
* 
where DF deno tes  d i f f e r e n t i a t i o n .  Note t h a t  x '  - x = 6 x .  Expand- 
i n g  , 
where t h e  n o t a t i o n  1b2x13 i s  a g r a d i e n t  operz.cion which t ransforms 
a v e c t o r  t o  a ma t r ix  and a matr ix  t o  a th ree-d imens iona l  a r r a y .  
In (l), t h e r e  a r e  n equat ions .  There a r e  n unknowns i n  6 x ,  
nm unknowns i n  
n(m + 2 )  unknowns. However, so lv ing  f o r  a l l  of t h e s e  unknowns i s  
n o t  necessary  f o r  determining t h e -  readjus tments  & x i ;  i = 2 -  , . . . ,n.  
Matrix a l g e b r a  manipulat ion al lows the  fo l lowing  r educ t ions :  
and n unknowns i n  &E f o r  a t o t a l  o f  I %(I (MJ 
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Since  interest i s  in t h e  n-1  readjustments ,  de f ine  
and equa t ion  (1) becomes 
There remain n l i n e a r  equat ions,  and t h e r e  are n-tm unknowns 
(n-1) i t s ,  m from , and 62 , a s c a l a r ) .  
ax, dxc, 
Another m equat ions  can b e  ob ta ined  from t h e  l i n e a r i z e d  
cons t ra i n t  s 
which r e q u i r e s  t h a t  t h e  new opt imal  p o i n t  s a t i s f i e s  a l i n e a r  approxi-  
mat ion t o  t h e  c o n s t r a i n t s  about t h e  o r i g i n a l  opt imal  so lu t ion .  The 
readjus tments  are c a l c u l a t e d  from 
R e s u l t s  Obtained 
Because t h e  technique e f  t h e  prev ious  s e c t i o n  u t i l i z e s  l i n e a r  
approximations bo th  t o  t h e  LaGrange cond i t ion  and t h e  c o n s t r a i n t  
e q u a l i t i e s ,  and because t h e  s o l u t i o n  xi* may be only an approximation 
t o  t h e  a c t u a l  s o l u t i o n  t o  t h e  o r i g i n a l  problem, t h e  va lues  of t h e  
r e a d j u s t i n g  parameters  ? i ,  i = 2 , .  .. ,n are  only estimates. However, 
it i s  hypothesized t h a t  s i n c e  t h e  system model i t s e l f  i s  by n a t u r e  
i n e x a c t ,  t h e  va lues  of 7 
s e n s i t i v i t i e s  of t h e  design parameters t o  a change i n  any one of them. 
Th i s  remains t o  be  demonstrated f o r  t h e  a c t u a l  system model, a l though 
i t  h a s  been true f o r  v a r i o u s  smaller-dimensional  t es t  problems. 
obtained w i i l  g ive  a good " fee l "  as t o  t h e  
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The method r e q u i r e s  t h a t  a l l  c o n s t r a i n t s  be considered as s t r i c t  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
8 54 
- # .- 
e q u a l i t i e s .  When an act ive i n e q u a l i t y  i s  t r e a t e d  as a s t r i c t  . : 
e q u a l i t y  f o r  purposes of analysis, t h i s ,  in e f f e c t ,  r e q u i r e s  t h e  
i n e q u a l i t y  t o  a l s o  b e  active a t  t h e  new s o l u t i o n ,  x'. This  assump- 
t i o n  may n o t  b e  v a l i d ,  e s p e c i a l l y  when two o r  more i n e q u a l i t i e s  are 
active a t  x*. Therefore ,  as a check, i t  i s  a d v i s a b l e  t o  t reat  d i f -  
ferent combinations of t he  active i n e q u a l i t i e s  as e q u a l i t i e s  f o r  
several runs  of t h e  problem. In  a d d i t i o n ,  i f  t h e  new s o l u t i o n  x 
v i o l a t e s  any i n e q u a l i t y  t h a t  was n o t  t r e a t e d  as active a t  t h e  ad jus t ed  
s o l u t i o n ,  t h a t  i n e q u a l i t y  should b e  t r e a t e d  as a c t i v e ,  and t h e  problem 
reso lved .  
For s imple problems ( those where t h e  t r u e  s o l u t i o n  is  observable ,  
and c a l c u l a t i o n s  can be done by hand) t h e  method has been e f f e c t i v e  i n  
f i n d i n g  t h e  readjustment  parameters accu ra t e ly .  
Extension of t h e  p r e s e n t  e f f o r t  w i l l  be  i n  t h e  fo l lowing  areas: 
a. t e s t i n g  of t h e  method wi th  more complex  problems 
( sadd le  p o i n t s ,  r i dges ,  l i n e a r l y  dependent con- 
s t r a i n t s  , h ighe r  d imens iona l i ty  y extremely non- 
1 i n e a r  f unc t i on s) 
b. i n v e s t i g a t i o n  of t h e  i n e q u a l i t y  problem t o  
a t tempt  t o  determine a b e t t e r  way t o  r e s o l v e  t h e  
active- inac  t ive problem 
c. e s t a b l i s h i n g  s u f f i c i e n c y  cond i t ions  f o r  t h e  meth.od 
d. a l lowing  more than one parameter t o  be i n i t i a l l y  
v a r i e d  . 
B.4. On-Board Computer Subsystem - D. Meagher, C. Boroughs, F. Samuel 
Facul ty  Advisor:  P r o f .  E. J. Smith 
The o b j e c t i v e s  of t h i s  t a sk  are:  
1. i n v e s t i g a t i o n  of a l t e r n a t i v e  i n t e r n a l  s t r u c t u r e s  
( a r c h i t e c t u r e s )  f o r  t h e  Mars Roving Vehi.cle on- 
board computer 
2. es tab l i shment  of a dev ice  t o  be  used t o  t e s t  bo th  
. .  a l t e r n a t i v e  a r c h i t e c t u r e s  and t h e  ope ra t ion  pf . 
e i t h e r  mode1.s of subsystems o r  a c t u a l  subsystem 
hardware 
3.  t o  use  t h e  r e s u l t s  of 1 )  and 2 )  t o  draw conclus ions  
about t h e  optimal des ign  of t he  on-board computer 
and t h e  a p p l i c a b i l i t y  of e x i s t i n g  computing u n i t s .  
me term 'on-board compute r '  i s  used t o  r e f e r  t o  t h e  c e n t r a l  
p rocess ing  u n i t  and i t s  p e r i p h e r a l  equipment ( I / O  devices  , memory, 
special  process ing  devices ,  e t c . ) .  The ques t ion  o f  on-board com- 
p u t e r  a r c h i t e c t u r e  relates t o  t h e  i n t e r n a l  o r g a n i z a t i o n  of computer 
components, and t h e  master  con t ro l  program, w r i t t e n  t o  enable  t h e  
computer hardware t o  perform s p e c i f i e d  ope ra t ions .  
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Because the MRV must ope ra t e  semi-autonomously, and because  , 
t h e  v e h i c l e  system i s  by na tu re  complex, t h e  computer must be  a 
h i g h l y  s p e c i a l i z e d  machine. 
and haw i t  should i n t e r f a c e  with i t s  p e r i p h e r a l  dev ices  as w e l l  as 
t h e  o t h e r  v e h i c l e  subsystems a r e  a r c h i t e c t u r a l  c o n s i d e r a t i o n s  t h a t  
can only  be  answered i n  t h e  contex t  of t h e  f u n c t i o n s  t h a t  w i l l  b e ,  
r e q u i r e d  of t h e  computer. 
How t h e  processor  should be s t r u c t u r e d ,  
One approach i s  t h e  development of an  a r c h i t e c t u r e  s imula to r ,  
a dev ice  t h a t  a l lows  t h e  use r  t o  o p e r a t e  a g e n e r a l  purpose computer 
( in t h i s  case a GEPAC - 3 0 )  as i f  it had a very  s p e c i f i c  and 
s p e c i a l i z e d  hardware. Th i s  s imula tor  h a s  been cons t ruc t ed  and 
o p e r a t e s  i n  real-time i n  an i n t e r a c t i v e  mode wi th  t h e  user .  It 
p rov ides  f a c i l i t i e s  f o r  modifying t h e  a r c h i t e c t u r e  as w e l l  as t h e  
c a p a b i l i t y  t o  s imula t e  t h e  opera t ion  of any v e h i c l e  subsystem and 
i ts  i n t e r a c t i o n  wi th  t h e  computer. In a d d i t i o n ,  a s imulated 1/0 
bus ,  i n t e r f a c e d  through A / D  and D/A c o n v e r t e r s  provides  t h e  c a p a b i l i t y  
of a c t u a l l y  p l ac ing  hardware under t h e  d i r e c t  c o n t r o l  of t h e  simula- 
t i o n  of t h e  on-board computer. 
The i n i t i a l  e f f o r t  w a s  d i r e c t e d  toward reviewing t h e  p a s t  work 
done on t h e  MRV and i t s  subsystems. A p a r t i c u l a r  emphasis was 
p laced  on v e h i c l e  o b j e c t i v e s  and o p e r a t i o n a l  cons ide ra t ions  i n  o r d e r  
t o  g a i n  i n s i g h t  i n t o  t h e  demands t o  b e  p laced  on t h e  computer sub- 
system. A comprehensive l i s t  of t h e  computer f u n c t i o n s  r equ i r ed  by 
each  of t h e  subsystems was generated.  
The next s t e p  i n  t h e  design w a s  t o  re la te  t h e  v e h i c l e  d a t a  
p rocess ing  requirements  t o  e x i s t i n g  computer technology i n  an 
a t t empt  t o  des ign  t h e  computer a r c h i t e c t u r e .  In  t r y i n g  t o  select  
a n  a r c h i t e c t u r e ,  it w a s  decided t h a t  a s imula tor  would be a neces- 
sary t o o l .  
model d i f f e r e n t  a r c h i t e c t u r e s  and t o  make changes i n  e x i s t i n g  ones. 
In  a d d i t i o n ,  it would a l low o the r  groups t o  model t h e i r  subsystem, 
t o  f i n d  out  i t s  r e l a t i o n  t o  the  v e h i c l e  and computer subsystem. 
It would enab le  t h e  d e s i g n e r s  of t h e  a r c h i t e c t u r e  t o  
In  des ign iag  t h e  s imula tor ,  t h r e e  requirements  were de f ined :  
1. Ease and v e r s a t i l i t y  f o r  t h e  u s e r  
2. Enable d i f f e r e n t  a r c h i t e c t u r e s  t o  b e  modeled 
3 .  Test t h e  d i f f e r e n t  subsystems us ing  t h e  
and t e s t e d  
s imu l a  t o r 
Upon conclus ion  of t h e  des ign  e f f o r t ,  work on t h e  s imula to r  w a s  
s t a r t e d  and completed. 
The s imula tor  package was broken up i n t o  two s e c t i o n s .  They 
are t h e  i n t e r a c t i o n  c o n t r o l  and t h e  execut ion  c o n t r o l .  The 
i n t e r a c t i o n  c o n t r o l  s e c t i o n  was designed f o r  communications w i t h  
t h e  use r .  It accepts commands from t h e  u s e r  enab l ing  him t o  make 
changes t o  h i s  models and t o  o b t a i n  informat ion  on i t s  opera t ion .  
Th i s  s e c t i o n  i s  broken up i n t o  t h r e e  p a r t s .  The f i r s t  p a r t  r e c e i v e s  ’ 
i n p u t  from a t e l e t y p e  and t r e a t s  it a p p r o p r i a t e l y  as e i t h e r  d a t a  o r  
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c o n t r o l  information.  
cormnand and then  executes  i t .  The t h i r d  p a r t  handles  a l l  i npu t -  ' 
output  ( I / O )  o p e r a t i o n s  f o r  a l l  dev ices  a t t ached  t o  t h e  computer. 
The second p a r t  determines t h e  a c t u a l  
The execut ion  c o n t r o l  s ec t ion  performs two opera t ions .  The 
first i s  t h e  execut ion  of user  programs. These are t h e  programs 
t h a t  would c o n t r o l  t he  veh ic l e  o r  tes t  t h e  v a r i o u s  subsystems. 
The second p a r t  e s t a b l i s h e s  an i n t e r f a c e  wi th  t h e  subsystem. This  
can  e i t h e r  b e  a computer program o r  a n  a c t u a l  hardware device.  
With t h e  s imula to r  completed f u t u r e  work w i l l  b e  towards a 
more complete a r c h i t e c t u r e  and t h e  b u i l d i n g  of models f o r  t h e  
v a r i o u s  subsystems. 
The proposed a r c h i t e c t u r e  inc ludes  a powerful i n s t r u c t i o n  
set. Th i s  set i s  capable  of performing a l l  a r i t h m e t i c  func t ions .  
Included are f l o a t i n g  p o i n t  operat ions.  It a l s o  has  l o g i c a l  opera- 
t i o n s  and i n s t r u c t i o n s  f o r  e f f i c i e n t  high speed I / O  ope ra t ions .  
When v e h i c l e  system ope ra t ion  h a s  been modeled t o  t h e  s t a g e  where 
t h e  models can  be  i n t e r f a c e d  wi th  t h e  computer, t h i s  a r c h i t e c t u r e  
w i l l  be  t e s t e d  on t h e  s imulator .  
t o  p l a c e  t h e  v e h i c l e  prototype developed a t  Rensse laer  under d i r e c t  
computer c o n t r o l .  
A t  p re sen t ,  t h e r e  are a l so  p lans  
C. Navigat ion,  T e r r a i n  Modeling and Path S e l e c t i o n  
The miss ion  p l an  t o  undertake a sys temat ic  e x p l o r a t i o n  of Mars 
r e q u i r e s  t h a t  t h e  roving v e h i c l e  can be  i n s t r u c t e d  t o  proceed under remote 
c o n t r o l  from i t s  landing  s i t e  t o  a success ion  of d e s i r e d  loca t ions .  This  
o b j e c t i v e  r e q u i r e s  t h a t  t h e  veh ic l e  possess  t h e  c a p a b i l i t i e s :  of sens ing  
and i n t e r p r e t i n g  t h e  terrain t o  provide t h e  information r equ i r ed  by a p a t h  
s e l e c t i o n  system, of s e l e c t i n g  paths  w i t h  due regard  t o  s a f e t y  and o t h e r  
c o n s i d e r a t i o n s ,  and of knowing i t s  l o c a t i o n  and t h a t  of i t s  d e s t i n a t i o n .  
The t a s k  r e l a t i n g  t o  t h e  use  of an o r b i t i n g  s a t e l l  t e - v e h i c l e  nav iga t ion  
system w a s  completed as of February, 1972 and t h e  d e t a i l e d  p rogres s  r e p o r t  
p re sen ted  i n  t h e  prev ious  p r o j e c t  p rogress  r e p o r t  w i l l  n o t  be repea ted  here-  
in .  A f i n a l  r e p o r t  cover ing  t h i s  t a s k  i s  i n  progress .  Emphasis h a s  been 
d i r e c t e d  t o  t h e  subtasks  o f :  range measurement us ing  l a s e r s ,  d i s c r e t e  
o b s t a c l e  d e t e c t i o n ,  o b s t a c l e  d e t e c t i o n  systems, t e r r a i n  modeling, and pa th  
s e l e c t i o n  systems eva lua t ion .  
below. 
De ta i l s  of t h e  progress  made are provided 
- .  
C. 1.a. Range Measurement - Gerald Zuraski  
Facul ty  Advisor:  Prof .  C .  N.  Shen 
The o b j e c t i v e  of t h i s  subtask i s  a pre l iminary  des ign  f o r  
a range measurement system t o  s ense  t e r r a i n  ahead of t h e  l l a r t i a n  
roving  veh ic l e .  
and o b s t a c l e  avoidance system has  been inves t iga t ed .  A laser 
r ange f inde r  i s  t o  b e  used t o  sense t e r r a i n  t h r e e  t o  t h i r t y  meters 
ahead of t h e  Mars roving  veh ic l e .  The major components of t h e  
system are (1) t h e  laser, (2)  t h e  photodetec tor  and (3) t h e  scan- 
n ing  system. The parameters  of t h e s e  components have been es t i -  
mated as a func t ion  of t h e  t e r r a i n  r e f l e c t i v i t y ,  t h e  range t o  be  
Ins t rumenta t ion  f o r  a mid-range p a t h  s e l e c t i o n  
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covered,  a lgo r i thm t o  be used, some a lgor i thms r e q u i r i n g  more 
d a t a  than  o t h e r s .  The ' b e s t '  system would minimize power and weight ,  
w h i l e  adequate ly  d e f i n i n g  terrain t o  ensure  v e h i c l e  s a f e t y .  
Range Measurement E r ro r s  
The range e r r o r  is of cons iderable  importance i n  e v a l u a t i n g  t h e  
performance of nav iga t ion  schemes. 
posed which use  combinations of ang le  and range  measurements o r  range 
measurements a lone .  The f i n a l  cho ice  of a p a r t i c u l a r  scheme w i l l  de- 
pend h e a v i l y  upon t h e  range accu rac i e s  t h a t  can b e  achieved. 
fo l lows  is  a d e t a i l e d  d i scuss ion  of t h e  range e r r o r .  
Various schemes have been pro- 
What 
The range is determined by t r a n s m i t t i n g  a p u l s e  of laser l i g h t  
t o  t h e  Mart ian su r face  and measuring t h e  l i g h t  r e f l e c t e d  back t o  t h e  
v e h i c l e .  Two photodectors  a r e  employed, one senses  t h e  l i g h t  emi t ted  
from t h e  laser and the  o t h e r  senses  t h e  l i g h t  r e f l e c t e d  from t h e  su r -  
f ace .  The s i g n a l  ou tpu t s  of the two d e t e c t o r s  are used t o  c o n t r o l  
t h e  ope ra t ion  of a t i m e  i n t e r v a l  meter.  The e r r o r s  involved i n  t h e  
measurement of t h e  t ine i n t e r v a l  arise from two d i s t i n c t  sources ,  
n o i s e  and quan t i za t ion .  
The q u a n t i z a t i o n  p rocess  is shown i n  F igure  23. The t i m e  i n t e r -  
va l  m e t e r  c o n s i s t s  of t h r e e  bas i c  elements, (1) a square  wave o s c i l l a -  
t o r  o r  ' c l o c k ' ,  (2)  a coun te r ,  and (3) a g a t i n g  c i r c u i t .  The e r r o r  
involved w i t h  t h e  gene ra t ion  of t h e  t r i g g e r i n g  waveform w i l l  be  
cons ide red  later, The t r i g g e r i n g  waveform i n i t i a t e s  and s t o p s  t h e  
count .  The t r u e  t i m e  i n t e r v a l  ( t o  wihin t h e  accuracy of t h e  t r i g g e r -  
i ng  waveform) i s  given by t = t 2  - ti. The recorded t i m e  i n t e r v a l  i s  
NT = t2 '  - tl '>. 
(tl - t l ' ) .  
The n e t  error i s  t h e  d i f f e r e n c e  e = t - NT = (t2 - t2 ' )  
by y and t2 - t2' by x ,  t h e  t o t a l  1 - 5' If  we denote  t 
e r r o r  i s  e = x - y. x and'y can be  considered as independent rartdom 
v a r i a b l e s  s i n c e  they a r i se  from p h y s i c a l l y  independent sources .  Also,  
f o r  N >> 1, x and y w i l l  have uniform p r o b a b i l i t y  d e n s i t i e s  over t h e  
i n t e r v a l  0 t o  T. The p r o b a b i l i t y  d e n s i t y  of t h e  t o t a l  q u a n t i z a r i o n  
e r r o r  can  b e  found by convolving t h e  d e n s i t y  f u n c t i o n s  of x and y 
s i n c e  x and y are independent. The r e s u l t i n g  d e n s i t y  func t ion  i s  
shown i n  F igu re  24. 
mean and va r i ance  given by de = - T . Note a l s o  t h a t  t h e  maximum 
error i s  $-T. 
The t o t a l  q u a n t i z a t i o n  e r r o r  i s  seen t o  have ze ro  
2 
6 The range e r r o r  can  b e  r e l a t e d  t o  t h e  t i m e  e r r o r  by 
CYR= cq - , where W = standard d e v i a t i o n  of range e r r o r ,  c = speed 2 R 
. of l i g h t ,  CY = s tandard  dev ia t ion  of t i m e  e r r o r .  Thus, a nano- 
second c l a c k e w i l l  produce a s tandard  d e v i a t i o n  i n  range of about  1.5 cm. 
Note a l s o  t h a t  t h e  same c lock  w i l l  produce a m a x i m u m  range e r r o r  of 
- 3. 3.75 cm. 
The accuracy of t h e  t r i g g e r i n g  waveform has  been e s t ima ted  f o r  
one p a r t i c u l a r  method of th reshold ing .  
t i n g  t h e  s tar t  pu l se  a t  tl can be assumed t o  be n e g l i g i b l e  compared 
The e r r o r  involved i n  genera- 
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t o  t h e  e r r o r  involved i n  genera t ing  t h e  s t o p  p u l s e  a t  t2 s i n c e  
t h e  s igna l - to -no i se  r a t i o  w i l l  g e n e r a l l y  b e  much g r e a t e r  a t  t i  
than  a t  t2 .  An upper bound on t h e  e r r o r  can  be de r ived  i n  terms 
of t h e  average s l o p e  of t h e  t r ansmi t t ed  pu l se  and t h e  s igna l - to -  
n o i s e  r a t i o .  The rece ived  pulse  i s  shown i n  F igu re  25. The 
S i s  t h e  maximum ampli tude of t h e  s i g n a l  and T is  t h e  si2Aal 
dura t ion .  The p u l s e  shape is  assumed t o  be symmetric. If no 
n o i s e  i s  p r e s e n t ,  t h e  threshold ing  device  w i l l  gene ra t e  a t r i g g e r i n g  
p u l s e  when t h e  s i g n a l  reaches  one h a l f  of i t s  maximum v a l u e  o r  any 
o t h e r  preset percentage  of i t s  maximum value.  The s a m e  procedure i s  
used t o  gene ra t e  t h e  s t a r t  and s t o p  t r i g g e r i n g  pulses .  When t h e r e  
i s  no n o i s e  p r e s e n t ,  t h e  only e r r o r  w i l l  be  t h e  q u a n t i z a t i o n  e r r o r  
of t h e  counter .  When n o i s e  i s  p r e s e n t ,  i t  w i l l  cause  an  e r r o r  i n  
t h e  gene ra t ion  of t h e  s t o p  pulse.  I f  w e  denote  t h i s  e r r o r  b y h t ,  
from Figure 25, t h e  magnitude of t h e  e r r o r  i s  ( A t \  L - -  where 
N i s  t h e  n o i s e  ampli tude and m i s  t h e  average s l o p e  of t h e  transmitted 
signal. Thus, ' ] A t /  5 (+M) . From t h i s  equa t ion  w e  can draw 
two conclusions.  F i r s t ,  it i s  d e s i r a b l e  t o  have as narrow a p u l s e  
wid th  as p o s s i b l e ,  and second, the s igna l - to -no i se  r a t i o  should b e  
as h igh  as poss ib l e .  The range e r r o r  a s s o c i a t e d  w i t h  a pu l se  wid th  
of  10 nanoseconds and a s igna l - to -no i se  r a t i o  of 20 i s  3.75 cm. It 
should a l s o  be no ted  t h a t  t h e  t iming  e r r o r  i s  minimized i f  t h e  t h r e s -  
hold po in t  i s  p laced  a t  t h e  poin t  of s t e e p e s t  s l o p e  on t h e  t r ansmi t t ed  
s i g n a l .  
. 
average s l o p e  of  t h e  'noiseless' s i g n a l  is  g iven  by m = - 2 s  where 
N 
m '  
Target Cross Sec t ion  
I_ 
The power requirements  of the laser  are h i g h l y  dependent upon 
t h e  r e f l e c t i v i t y  of t h e  t e r r a i n .  A rough estimate of t h e  peak t r a n s -  
m i t t e r  power can b e  made by assuming t h e  t e r r a i n  t o  be an i d e a l  
d i f f u s e  s u r f a c e  (Lambert model). Snow i s  an example of such a sur -  
face. I f  t h e  receiver f i e l d  of view i s  g r e a t e r  t h a n  t h e  t a r g e t  area, 
Pt = - 27fR2 P where ADcos6 r 
P = t r a n s m i t t e d  power 
= r ece ived  power 'r 
AD = d e t e c t o r  area 
R = range 
8 = 
t 
ang le  between su r face  normal and receiver 
I f  abso rb t ion  of l i g h t  by t h e  s u r f a c e  i s  taken i n t o  account  t h i s  equa- 
t ion  becomes 
where n = t a r g e t  r e f l e c t i v i t y .  - 2 T R 2  pr 
* o s  €3 Pt - 
This  equat ion  w a s  evaluated a t  several p o i n t s  t o  i l l u s t r a t e  t h e  
magnitude of t h e  d i f f e r e n t  parameters. The r e s u l t s  shown i n  Table  3 
are f o r  A The Pr = w a t t  
corresponds t o  a s igna l - to-noise  r a t i o  of about  10, R e f .  12. Note 
= 1 cm2, Pr = 10-8 watt and 8 = 0. 
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t h a t  more power i s  r equ i r ed  than is  shown i n  t h e  table i f  t h e  
receiver is  n o t  pe rpend icu la r  t o  t h e  sur face .  
TABLE 3.  Peak Transmitted Power (wat t s )  
n R = 7 m  R = 1 4 m  R = 2 8 m  
.1% 30 w 120 w 480 w 
1% 3 w  12  w 48 w 
10% . 3  w 1.2 w 4.8 w 
Experimental  evidence,  Re. 13, has  shown t h a t  t h e  Lambert 
modzl i s  approached wi th  inc reas ing  s u r f a c e  roughness only when t h e  
i n c i d e n t  l i g h t  arrives i n  a near-normal d i r e c t i o n .  Since t h e  
measurerr?ent schemes considered f o r  u se  on t h e  r e v e r  r e q u i r e  t h e  
i n c i d e n t  beam t o  a r r i v e  a t  shallow ang les ,  a b e t t e r  model i s  needed. 
Such a model has  bee.n developed by Torrance and Sparrow, Ref. 13. 
The major f e a t u r e s  of  t h e  model are (1) s m a l l  random m i r r o r  l i k e  
f a c e t s ,  (2)  m u l t i p l e  r e f l e c t i o n ,  (3) i n t e r n a l  s c a t t e r i n g ,  (4) 
shadowing, and (5) masking. The model gene ra l ly  a p p l i e s  when t h e  
root-mean-square s u r f a c e  roughness i s  g r e a t e r  than  t h e  wavelength 
of t h e  l i g h t  used. 
The r e f l e c t a n c e  d i s t r i b u t i o n  i s  s p e c i f i e d  i n  terms of a normali-  
zed b i d i r e c t i o n a l  r e f l e c t a n c e ,  
The ang le s  
f l e c t a n c e  F($J,nh) i s  a s t r o n g  func t ion  of !# f o r  60°<@ & 
which i s  t h e  range of a n g l e  t h a t  must be used i n  t h e  rangef inding  
system. A s  a n  example, t h e  Fresne l  r e f l e c t a n c e  f o r  magnesium oxide 
varies from .1 t o  1 over  t h e  range of !$ c i t e d .  
t ance  a l s o  var ies  widely wi th  material. The shape of t h e  F resne l  
curves  d i f f e r  markedly f o r  metals  and nonmetals. 
!,b , 8 and 8, a r e  shoim in  Figure  26. The F resne l  re- 
g o o ,  
The F resne l  reflec- 
The f a c t o r  G(Yp,ep) takes  i n t o  account t h e  geometry of a rough 
s u r f a c e  (a V groove model i s  used) .  C and N d e f i n e  t h e  d i s t r i b u t i o n  
of f a c e t  s l o p e s  about  t h e  mean-surface plane.  
scale f a c t o r  used t o  f i t  t h e  model to exper imenta l  da ta .  Typica l  
cu rves  f o r  t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  r a t i o  are shown i n  F igure  27. 
The dashed l i n e  r e p r e s e n t s  the Lambert model. Note t h a t  peaks i n  t h e  
d i s t r i b u t i o n  occur  a t  ang le s  g r e a t e r  than  t h e  s p e c u l a r  angle.  These 
o f f - specu la r  peaks are caused by t h e  f a c t o r  G/cos 6 i n  Equation (1). 
It should be  noted t h a t  G/cos 0 i s  s t r i c t l y  geometr ica l ,  and thus  
a l l  materials w i l l  e x h i b i t  the o f f - specu la r  peaking. 
g i s  an  a r b i t r a r y  
S ince  t h e  a c t u a l  magnitude of t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  
T 
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r a t i o  i s  almost  imposs ib le  t o  p r e d i c t ,  an  experiment i s  recom- 
mended f o r  f u t u r e  work i n  t h i s  area. The primary o b j e c t i v e  of 
t h e  experiment would be t o  determine t h e  dynamic range of t h e  
r e f l e c t i v i t y .  Samples used in t h e  experiment should be  of 
va ry ing  degrees  of roughness and material composition and 
measurements taken over a wide range of ang le s  r e l a t i v e  t o  t h e  
mean s u r f a c e  normal. The r e su l t s  of such an  experiment could  
t h e n  be used t o  determine i f  c o n t r o l l e d  power output  of t h e . l a s e r  
i s  necessa ry  i n  o rde r  t o  prevent d e t e c t o r  damage o r  d e t e c t o r  
sat u r a  t ion. 
The s p e c t r a l  r e f l e c t a n c e  of two types  of s u r f a c e s ,  Ref. 14, 
i s  shown i n  F igu re  28. The r e f l e c t a n c e  i s  assumed t o  be  measured 
normal t o  t h e  s u r f a c e  al though t h e  r e fe rence  d i d  n o t  e x p l i c i t l y  
s ta te  how t h e  measurement was  made. In any case, it i s  important  
t o  n o t e  t h a t  t h e  r e f l e c t i v i t y  i n c r e a s e s  as wavelength i n c r e a s e s .  
The n e a r  i n f r a r e d  p a r t  of t h e  spectrum is  t h e r e f o r e  a b e t t e r  cho ice  
t h a n  t h e  v i s i b l e  p a r t  of t h e  spectrum. 
Detect o r  s 
Cons idera t ion  must be given t o  t h e  p r o t e c t i o n  of t h e  d e t e c t o r  
from i n t e n s e  r a d i a t i o n  when t h e  v e h i c l e  g e t s  c l o s e  t o  a specu la r  
su r f ace .  Under such cond i t ions ,  almost t h e  e n t i r e  ou tpu t  of t h e  
laser could b e  focused upon the  d e t e c t o r .  
a t y p i c a l  PbS d e t e c t o r ,  R e f .  15, whose damage th re sho ld  i s  0.32 J / c m  . 
A fast  r ise t i m e  d e t e c t o r ,  Ref. 16, has  a n  a c t i v e  area of approxima- 
t e l y  2x10-5 cm2. 
0 .32~2(10) '5  = 6.42%' Joules.  I f  w e  cons ide r  a laser wi th  a p u l s e  
wid th  of 50 nsec ,  t h e  damage th re sho ld  i n  tenns of peak output  power 
of t h e  laser would b e  6.4(10)-6/50(10)'9 = 130 Watts. 
output  i s  r e s t r i c t e d  t o  be l e s s  than 130 Watts peak, no damage w i l l  
occur  f o r  t h i s  p a r t i c u l a r  de t ec to r .  S imi l a r  c a l c u l a t i o n s  could b e  
made t o  determine t h e  damage threshold  i n  terms of peak power output  
of t h e  laser f o r  o t h e r  d e t e c t o r s .  
2 A s  an example, cons ide r  
t h e  maximum inpu t  energy p e r  p u l s e  i s  
If t h e  laser 's  
Another problem r e l a t i n g  t o  excess  r a d i a t i o n  i s  s a t u r a t i o n .  
The l a r g e r  t h e  inpu t  energy,  t h e  longer  i t  w i l l  t a k e  f o r  t h e  d e t e c t o r  
t o  recover .  This  i s  due t o  t h e  f i n i t e  charge carrier l i f e t i m e s  of 
semi-conductor materials. Recovery t i m e  can  be  as long as several 
m i l l i s e c o n d s ,  Ref. 15, which could restrict  t h e  maximum scan  rate. I n  
view of t h i s ,  it i s  d e s i r a b l e  t o  ope ra t e  a d e t e c t o r  w i t h  t h e  lowest  
i n p u t  t h a t  w i l l  produce a reasonable  s igna l - to -no i se  r a t i o .  This  i s  
a l s o  c o n s i s t e n t  w i t h  m i n i m u m  laser power. 
TABLE 4. .Photodiode C h a r a c t e r i s t i c s  
W'avelength Peak S e n s i t i v e  S e r i e s  Response Dark 
Range Ef f i c i ency  Area !Capacitance .Resistance T i m e  Current  
&m) (%) (cm>2 (pF) (IT) ( sec)  (4 
Diode 
1 . 3 ~ 1 0  -10 5x10-ll 
S i l i c o n  0.4-1.2 90 5 ~ 1 0 - ~  3 1 7x10-' 2 x 1 ~ - 7  
0.4-1 40 2 x 1 ~ - 5  0.8 6 s i l icon 
n+-P 
p- 1-n 
1 S i l i c o n  0.6328 90 zX 1 1 1x10- lo 
1 G e  n+-p 0.4-1.55 50 2 x 1 ~ - 5  0.8 10 1.2x10-11 2x 10- p- i-n @0.9pm 
~~ ~ 
. . .. .. 
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C h a r a c t e r i s t i c s  of several hfgh spe;?d phbtodiodes are g iven  i n  , 
Table  4 ,  Ref. 16. It can be seen t h a t  t h e r e  i s  a t r a d e o f f  between 
response  time and peak e f f i c i e n c y .  A d iode  wi th  a response t i m e  of 
0.13 nsec has  an e f f i c i e n c y  of 40%whereas  a s i m i l a r  d iode  wi th  a 
response t i m e  of 7 nsec  h a s  an e f f i c i e n c y  of 90%. Note a l s o  t h a t  
t h e  slower d iodes  have l a r g e r  s e n s i t i v e  areas. A l l  of t h e  photo- 
d iodes  l i s t e d  i n  Table  4 opera t e  a t  room temperature  (300'K). 
The Laser 
A semiconductor laser i s  probably t h e  most l i k e l y  cand ida te  f o r  
u s e  i n  t h e  ranging system because of i t s  s m a l l  s i z e .  
range  of s e v e r a l  semiconductor lasers is  g iven  i n  Table  5,  Ref. 17. 
Those may be opera ted  i n  pulsed mode a t  room temperature ,  
The spectral  
TABLE 5. Semiconductor Lasers 
Material ( rn) 
A v a r i e t y  of GaAs lasers 
.63-. 90 
.61-.90 
.83-.91 
are  a v a i l a b l e ,  Ref. 18, w i th  an  energy 
about 4%. The nominal wavelength i s  9050 conversion e f f i c i e n c y  of v 
A w i t h  a d r i f t  rate of 2.5 A/OC. The duty  c y c l e  of t h e s e  devices  i s  
0.1% f o r  u n i t s  w i th  a peak power output  of 10 Watts o r  l ess .  For out-  
pu t  powers up t o  300 Watts, t h e  duty c y c l e  i s  0.02%. I f  we assume a 
50 nsec  pu l se ,  t h e  r e p e t i t i o n  rate f o r  t h e  lower power devices  i s  
20,000 pu l ses  pe r  second and f o r  t h e  high power devices  i s  4,000 pu l ses  
p e r  second. Thus 1,000 range measurements p e r  second i s  a conservat i - re  
estimate of t h e  c a p a b i l i t y  of t h e  laser. Since t h e  wavelength s h i f t s  
w i t h  temperature ,  t h e  s p e c t r a l  f i l t e r  a t  t h e  d e t e c t o r  must be bro,ad 
enough t o  accommodate t h i s  s h i f t .  A s p e c t r a l  f i l t e r  w i t h  an o p t i c a l  
bandwidth of 100 A can t o l e r a t e  a 4OoC temperature  s h i f t .  
t i o n  should be g iven  t o  minimizing t h e  temperature  r i se  of t h e  G a A s  
laser ( i . e .  by h e a t  s ink ing )  s i n c e  t h e  power output  may decrease  and 
a wide s p e c t r a l  f i l t e r  w i l l  be r equ i r ed  thus  degrading t h e  s igna l - to -  
n o i s e  performance of t h e  system. 
Considera- 
- .. .~ 
Scanners 
An e l e c t r o n i c  scanning sys t em i s  thought  t o  be  more d e s i r a b l e  
than  a mechanical scanning system from t h e  s t andpo in t  of r e l i a b i l i t y ,  
weight and power. Thre i s  a wide range of e l e c t r o n i c l y  c o n t r o l l e r  
scanners  p r e s e n t l y  a v a i l a b l e ,  Ref. 19 .  These inc lude  p i e z o e l e c t r i c  
dev ices ,  bender biniorphs, b i m e t a l l i c  s t r i p s  and e l e c t r o - o p t i c  c r y s t a l s .  
Of t h e s e  t h e  p i e z o - e l e c t r i c  laminated bimorph looks very  promising. 
Power requirements are  very small ( m i l l i w a t t s )  and u n i t s  wi th  scan 
rates of 0.2 msec w i t h  a 6' angular  scan are commercially a v a i l a b l e ,  
R e f .  20. Acousto-Optic d e f l e c t o r s  us ing  lead-molybdate, Ref. 21, 
can  achieve  scan rates of 300 kHz b u t  t h e  angular  scan  i s  reduced t o  
- + 2.5 m i l l i r a d i a n s .  The t o t a l  angular  scan  can be  increased  by us ing  
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a lense, however t h e  angu la r  r e s o l u t i o n  w i l l  remain equal  t o  t h a t  
of t h e  scanning device.  Resolut ion varies, t y p i c a l l y  100 t o  400 
elements.  A two dimensional  scan can be  achieved by us ing  two 
scanning devices  p laced  s o  t h a t  one scans perpendicular  t o  t h e  
o t h e r ,  A p o s s i b l e  scanning s y s t e m  i s  i l l u s t r a t e d  i n  F igure  29. 
An advantage of t h i s  conf igu ra t ion  i s  t h a t  t h e  t r a n s m i t t e r  and re- 
ceiver use  t h e  same beam s t e e r i n g  devices ,  thereby  provid ing  auto-  
m a t i c  t rack ing .  
' 
, 
Conc1.u~ ion  
A reasonable  rangef inding  system can be cons t ruc t ed  from 
p r e s e n t l y  a v a i l a b l e  components. A Gallium Arsenide i n j e c t i o n  laser 
o p e r a t i n g  a t  9000 A'can be used f o r  t h e  t r a n s m i t t e r .  
p - i -n  photodiode can  b e  used a s  t h e  r ece ive r .  
can  be accomplished e l e c t r o n i c a l l y  by means of e l e c t r o - o p t i c  beam 
d e f i e c t o r s .  Present  day technology can provide t h e  f a s t  r i s e t i m e s  
necessa ry  t o  achieve  a range e r r o r  on t h e  o rde r  of 5 cm. The com- 
ponents  chosen are  small ,  l i gh twe igh t ,  and do n o t  r e q u i r e  h igh  
o p e r a t i n g  v o l t a g e s ,  nor  l a r g e  amounts of power. Thus, t h e  f e a s i -  
b i l i t y  of us ing  a ga l l i um a r sen ide  laser ,  a s i l i c o n  p- i -n  photo- 
d iode ,  and e l e c t r o n i c  scanning has  been e s t a b l i s h e d .  The t e r r a i n  
r e f l e c t i v i t y  i s  known only  approximately a t  p re sen t .  The dynamic 
range of t h e  r e f l e c t i v i t y  must be i n v e s t i g a t e d  f u r t h e r .  I f  t h e  
dynamic range i s  l a r g e ,  i t  may be  necessary  t o  c o n t r o l  t h e  power 
output  of t h e  laser as w e l l  as u s ing  automatic  g a i n  c o n t r o l  a t  t h e  
r e c e i v e r .  There are t h r e e  major areas t o  be  i n v e s t i g a t e d  in  f u t u r e  
work. F i r s t ,  a n  experiment t o  estimate t h e  range of terrain r e f l e c -  
t i v i t y  should b e  undertaken. The d a t a  obta ined  from t h i s  experiment 
should be  compared t o  t h e  t h e o r e t i c a l  model presented  i n  t h i s  paper. 
Second, t h e  c i r c u i t r y  of t h e  rangefinding system should be i i ivest iga-  
t e d .  Third,  t h e  o p t i c s  of the scanning system should be i n v e s t i g a t e d  
t o  determine how wide a scan can be achieved. A f t e r  t h i s  work has  
been accomplished it w i l l  be poss ib l e  t o  a c c u r a t e l y  determine t h e  
weight  and power requirements  of t h e  e n t i r e  system. 
A s i l i c o n  
The beam scanning 
C.1.b. Discrete Obstacle  Detect ion - W i l l i a m  Mounce 
Facu l ty  Advisor:  Prof.  C. N.  Shen 
A problem c r u c i a l  t o  t h e  autonomy of a Mart ian roving  v e h i c l e  
i s  t h e  d e t e c t i o n ,  i d e n t i f i c a t i o n ,  and avoidance of  o b s t a c l e s  and 
t e r r a i n  dangerous t o  t h e  v e h i c l e ' s  s a f e t y ,  
d iv ided  i n t o  two pa r t s :  d i s c r e t e  o b s t a c l e s  such as rocks ,  c ra te rs ,  
crevasses, and s lope  obs t ac l e s  which would waste power, cause  s l i d i n g ,  
o r  p o s s i b l y  over turn  t h e  veh ic l e .  
des ign  and a n a l y s i s  of a spl i t -beam d i s c r e t e  o b s t a c l e  d e t e c t i o n  system 
f o r  p o s s i b l e  use  on t h e  Martian rover .  
p a r i s o n  of t he  r e t u r n  t imes  of t h e  two p a r t s  of a s p l i t  laser pu l se  
r e f l e c t e d  of f  t h e  s u r f a c e  i n  from of t h e  veh ic l e .  A d i s c r e t e  o b s t a c l e  
causes  a l a r g e  v a r i a t i o n  of t h i s  t i m e  d i f f e r e n c e  from t h a t  expected 
i f  t h e  t e r r a i n  were f l a t ,  thus  i n d i c a t i n g  an o b s t a c l e .  
The problem may be  
This  p r o j e c t  i s  concerned wi th  the  
The system is  based on t h e  com- 
The system descr ibed  above has  been analyzed f o r  a v a r i e t y  of 
r o v e r  and t e r r a i n  cond i t ions  t o  determine i t s  f e a s i b i l i t y ,  and t h e  
necessa ry  design cons ide ra t ions .  One of t h e  more important  areas of 
'I ' 
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s tudy  w a s  t h e  e f f e c t  of rove r  motion on t h i s  system. 
a p o i n t  by p o i n t  comparison only. 
needed f o r  a complete t e r r a i n  map, Ref. 22, 23, i s  n o t  r equ i r ed  
and a working system, w h i l e  t h e  rover  i s  i n  motion, may be avail- 
a b l e .  The r e s u l t s  of t h e  a n a l y s i s  show t h a t  i f  t h e  scan  d i s t a n c e  
i s  k e p t  w i t h i n  about  10 m. from t h e  v e h i c l e ,  t h i s  system could very 
w e l l  handle  t h i s  problem. Also, t h e  p o s s i b i l i t i e s  f o r  instrumenta-  
t i o n  were explored w i t h  several op t ions  presented  and t h e  b e s t  
scanning scheme and d e c i s i o n  algori thms were descr ibed .  
It employs ' 
The f i x e d  base  f o r  t ak ing  d a t a .  
A p o s i t i v e  d i s c r e t e  o b s t a c l e  may be def ined  by a ve r t i ca l  
h e i g h t ,  h, and t h e  inc iden t  s lope ,  m y  i n  t h e  forward pa th  of t h e  
rove r ,  s i n c e  t h e s e  are t h e  parameters encountered. Both parameters  
must b e  cons idered  t o  judge a p o s s i b l e  o b s t a c l e ' s  danger;  f o r  ex- 
ample, a mound and a s t e p  of  the  same he igh t  do n o t  pose equa l  
hazard.  
A n e g a t i v e  o b s t a c l e  i s  a more d i f f i c u l t  problem due t o  t h e  
hidden reg ion  behind i t s  rim; thus  t h e  in -pa th  s l o p e  l o s e s  i t s  mean- 
ing  and only  t h e  depth may be considered.  
system must cons ide r  t h e  height  and s l o p e  o r  depth  of o b s t a c l e s  t o  
t h e  v e h i c l e ' s  c a p a b i l i t i e s  t o  f i n d  a safe path.  
problem a t  Rensselaer  requi red  a s t a t i o n a r y  rove r  and included l a r g e  
instrument  e r r o r s ,  Ref. 24. Thus, ano the r  method w a s  chosen. 
Any o b s t a c l e  d e t e c t i o n  
Pas t  work on t h e  
The sp l i t -beam o b s t a c l e  d e t e c t o r  shown i n  Fig.  30 has  a s i n g l e  
laser p u l s e  emanating from a f i x e d  h e i g h t  s enso r ,  A ,  which i s  s p l i t  
s o  as t o  i l l u m i n a t e  t h e  su r face  i n  f r o n t  of t h e  rove r  a t  two d i s t i n c t  
p o i n t s .  
t h e  rove r  when it i s  on a plane su r face .  
i s  f i x e d ,  t h e  r e t u r n  t i m e  d i f f e r e n c e  between t h e  two p a r t s  of t h e  
p u l s e  may be determined from the  system and o b s t a c l e  parameters  and 
t h e  speed of l i g h t ,  c ;  - 
The f i r s t  p o i n t  i s  designed t o  be  a f i x e d  d i s t a n c e ,  x, from 
Because t h e  i d e a l  geometry 
*.. . 
I 
(1)  
2 2  
For o b s t a c l e  d e t e c t i o n ,  t h e  a c t u a l  r e t u r n  time d i f f e r e n c e  A t  i s  com- 
pared t o A t f  and i f  t h e  d i f f e r e n c e  is  g r e a t  enough, as determined by 
set th re sho lds ,  an o b s t a c l e  i s  ind ica t ed .  Mathematical ly ,  i f  A t d  i s  
t h e  set th re sho ld ,  an  o b s t a c l e  i s  ind ica t ed  w h e n b t  >Atf + b t d  o r  
A t < A t f  - A t d  as shown in  Fig. 31. The t h r e s h o l d  i s ,  i n  terms of 
system parameters: 
r 
J x+h cot(m) 2 
A t d  = 2/c  (h  1 + ( A-h 1 )  
and t h e  c r i t i ca l  p o i n t s  i n  t i m e  are 
A t f  - A t d  = 2/c [ (A-h)J  1+( A-h 
= 2/c IJ(A-h)2 + (x+h co t (m))2  -&I ( 4 )   
A t f  + A t d  = 2/c [ (A+h l-t x+h A-h cot(m))2 -{A2 + x2 ] (5) 
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Figure  30. Measurement Geometry 
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Figure  31. Pos i t i ve  Obstacle Detect ion 
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For t h e  a n a l y s i s  of t h i s  system, t h e  fo l lowing  cases were cons idered  
f o r  t h e i r  e f f e c t  on t h e  system; t h e  rover  t i l t e d  up over a rock o r  
down i n t o  a crater (Figs.  32 and 3 3 )  and t h e  lower beam of t h e  s p l i t  
p u l s e  i n c i d e n t  on te r ra in  i s  not t h e  same h e i g h t  as t h e  p l ane  formed 
by t h e  r o v e r ' s  wheels ,  such as a rock  o r  a crater i n  i t s  path.  
Fig.  34 shows t h e  f i r s t  problem, t h e  degrada t ion  of t h e  c r i t i c a l  
h e i g h t  and s l o p e  parameters  as t h e  rover  t i l t s  t o  loo ,  depending upon 
t h e  o r i g i n a l  scan d i s t a n c e ,  x ,  set  f o r  t h e  system. A s  t h e  t ilt  g e t s  
l a r g e r ,  t h e  h e i g h t ,  h ,  considered a n  o b s t a c l e ,  becomes l a r g e r  than  
t h e  des ign  h of l / 2  m e t e r ,  taken as wheel r a d i u s  of R P I  MRV. This  
c l e a r l y  shows t h a t  t h e  c l o s e r  t h e  scan i s  t o  t h e  rove r ,  t h e  more in- 
s e n s i t i v e  t h e  d e t e c t i o n  scheme i s  t o  t i l t s .  If t h e  rover  i s  level,  
b u t  t h e  lower beam i s  n o t  h i t t i n g  t h e  rove r  p lane ,  an e r r o r  i s  a l s o  
in t roduced  as shown i n  P i g s .  35 and 36 ,  where t h e  worst  case i s  a 
1 / 2  m ob jec t .  The ,maximum error h e r e  i s  .09 m,  which i s  n o t  l a rge .  
Another f a c t o r ,  v i s i b i l i t y  i n t o  c ra te rs  i s  a l s o  determined by scan  
d i s t a n c e ,  and f a v o r s  a c l o s e  scan. For example, a t  x = 10 m, t h e  
smallest 1 / 2  m deep crater de tec t ed  i s  1.6 m wide, which could  be  
dangerous. A l l  of these considerat ior is  iavor a scan as c l o s e  t o  the  
r o v e r  as p o s s i b l e ,  b u t  t h i s  d i s t ance  must a l s o  be chosen i n  t h e  l i g h t  
o f  t h e  v e h i c l e ' s  s topp ing  d i s t a n c e  and tu rn ing  r ad ius .  
mum scan d i s t a n c e  would be 5-10 m from t h e  veh ic l e .  To minimize de tec-  
t i o n  e r r o r s  due t o  t h e  rove r  t i l t i n g  wi th  r e s p e c t  t o  t h e  p l ane  of t h e  
o b s t a c l e ,  t h e  d i s t a n c e  between t h e  sensor  and t h e  i n c i d e n t a l  t e r r a i n  
a l o n g  one of t h e  p a r t s  of t h e  s p l i t  beam could be measured roughly t o  
de te rmine  i f  t h e  l eng th  i s  cons iderably  longer  o r  s h o r t e r  t han  designed;  
t h u s  i n v a l i d a t i n g  t h e  readings  a t  t h a t  po in t .  For example, a scan  set 
at 7 m impinges a t  11 m wi th  a 7 O  rove r  tilt and t h e  c r i t i c a l  he igh t  
becomes .8 m i n s t e a d  or' .5 m. If t h e  worst  c a s e  e r r o r  i s  se t  a t  .7 m, 
t h e n  any tilt  above 5' g ives  i n v a l i d  d a t a  and should be ignored. (For 
a 4 m long rover  and a .5 m maximum s t e p ,  t h e  worst  t i l t  i s  7 ' ) .  
Thus t h e  o p t i -  
The scanning scheme i n  tlie h o r i z o n t a l  p l an  f o r  t h e  s p l i t  beam, 
F ig .  3 7 ,  must "blanket"  t h e  su r f ace  so  t h a t  no o b s t a c l e s  go undetected.  
It i s  assumed t h a t  t h e  rove r  h a s  a speed of about 2 lcm/hr, Ref. 24. and 
a n  arc cover ing  about  two rover  wid ths  on e i t h e r  s i d e  of  t h e  l i n c . o f  
travel.  To provide  covered tu rn ing  space,  a t e r r a i n  coverage by a 
.1 m by .1 m g r i d  of d a t a  po in t s  would r e q u i r e  600 pu l ses  p e r  second, 
which i s  f a r  exceeded by present  l a s e r  technology, Ref. 25 and 26. 
The scanning may be accomplished by a c a r e f u l l y  timed sp inning  m i r r o r  
o r  one of t h e  new e l e c t r o - o p t i c  dev ices  now appearing,  R e f .  25. One 
problem n o t  cons idered  by t h i s  scheme i s  t h e  c r o s s  pa th  s l o p e  danger. 
How bad t h i s  i s  may be c a l c u l a t e d  by cons ide r ing  t h e  rove r  width 
a g a i n s t  t h e  wors t  "safe"  t e r r a i n .  The g r e a t e s t  c r o s s  pa th  s lope  occurs  
wheiz a depres s ion  n o t  q u i t e  .5 m deep i s  b e s i d e  a rock n o t  q u i t e  .5 m 
h i g h  w i t h  one wheel of t h e  rover r e s t i n g  on each. (Greater  rocks  and 
craters  are d e t e c t e d  obs t ac l e s ) .  
be  compared t o  v e h i c l e  c a p a b i l i t i e s .  
The r e s u l t i n g  t i l t  i s  30°, which must 
The d e c i s i o n  a lgo r i thm can b e  a s  s o p h i s t i c a t e d  o r  as s imple as 
d e s i r e d .  In i t s  s i m p l e s t  form, a go no-go d e c i s i o n  a t  each scan  p o i n t  
de te rmines  d i r e c t i o n s  t o  b e  avoided, weighted,  of cour se ,  by the  de- 
s i r e d  heading. 
p o i n t s  t o  o v e r r i d e  poor o r  erroneous d a t a ,  o r  more completely d e f i n e  
o b s t a c l e s .  For example, a c revasse  smaller than  one d e t e c t e d  by two 
This  could be improved by c o r r e l a t i n g  a d j a c e n t  da t a  
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a d j a c e n t  beams is of no  danger i f  t h e  spac ing  i s  .1 m. A more 
complex scheme us ing  scans  a t  two d i f f e r e n t  ranges  is  a l s o  p o s s i b l e ;  
a f a r  warning and a c l o s e r  insurance scan t o  g ive  t h e  b e s t  v e h i c l e ’  
s a f e t y .  The end r e s u l t  depends on computer, power, and accu racy .  
requirements .  
S p l i t t i n g  t h e  output  beam of a laser is on t h e  s u r f a c e  a 
v e r y  s imple  t a s k  employing e i t h e r  a h a l f - s i l v e r e d  m i r r o r  o r  a n  
e l e c t r i f i e d  double pr ism i n t e r s e c t i n g  h a l f  t h e  beam, Ref. 27. The 
problem i s  t h a t  under c e r t a i n  t e r r a i n  c o n f i g u r a t i o n s ,  t h e  ambiguity 
i n  which p a r t  of t h e  beam r e t u r n s  f i r s t  may r e s u l t  i n  a m i s c l a s s i f i c a -  
t i o n  of unsafe  t e r r a i n .  There are  s e v e r a l  p o s s i b l e  s o l u t i o n s  depend- 
ing  on t h e  frequency,  pu l se  width,  and power consumption d e s i r e d ,  and 
t h e  f i n a l  choice  would probably depend on exper imenta l  r e s u l t s .  The 
best  p o s s i b i l i t y  from a system viewpoint  would b e  a laser which t r a n s -  
m i t s  a t  two d i s t i n c t  f requencies  which could b e  s p l i t  by a pr i sm and 
d e t e c t e d  by two frequency s e l e c t i o n  dec tec to r s .  Unfor tuna te ly ,  t h e  
gas  and s o l i d  lasers which have t h i s  proper ty ,  t r ansmi t  more than  two 
f r equenc ie s  and r e q u i r e  l a r g e  amounts of power, Ref. 27. The neodymium 
laser i s  p o s s i b l e  w i t h  a v i s a b l e  c e n t e r  frequency and a s t r o n g  i n f r a r e d  
harmonic. For energy e f f i c i e n c y ,  t h e  semi-conductor lasers are b e s t  
w i t h  s p e c i a l l y  doped gal l ium-arsenide lasers ope ra t ing  i n  t h e  green 
and r e d  r eg ions ,  monochromatically, Ref. 26. To avoid  t h e  ambiguity 
us ing  t h e s e ,  a s i n g l e  beam may be  s p l i t  and one p a r t  delayed by f i b e r  
o p t i c s  o r  mi r ros ,  o r  two sepa ra t e  l a s e r s  a t  d i f f e r e n t  f r equenc ie s  
could  be  used. The problem with two lasers i s  t h e  inaccuracy i n  t h e  
t i m e  t h e  p u l s e  starts.  These p o s s i b i l i t i e s  and new advances i n  t h e  
state of t h e  ar t  should be explored t o  f i n d  t h e  b e s t  a v a i l a b l e  system. 
Fu tu re  work should involve f i n d i n g  t h e  b e s t  s p l i t  beam laser, 
and a c t u a l l y  t e s t i n g  t h e  system on v a r i o u s  t e r r a i n s .  Nost of t h e  
sources  of e r r o r  have been t h e o r e t i c a l l y  analyzed,  b u t  only under t e s t  
w i l l  a l l  t h e  problems and inherent  i naccurac i e s  become apparent .  
c.1.c. Obs tac le  Detec t ion  System - .Tohn Golden 
Facu l ty  Advisor:  Prof.  C. N .  Shen 
The o b j e c t i v e  of this t a s k  i s  t o  develop a d e s i g n  f o r  t h e  s h o r t  
range o b s t a c l e  d e t e c t i o n  system of t h e  Mars rove r ,  amenable t o  t h e  
c h a r a c t e r i s t i c s  of  t h e  RPI Mars Roving Vehicle  (MRV). The des ign  i s  
an autonomous system us ing  range-f inder  d a t a  t o  model t h e  t e r r a i n  i n  
terms of i t s  he igh t  and s l o p e  c h a r a c t e r i s t i c s .  Basic t o  t h e  system 
i s  t h e  l a s e r / d e t e c t o r  i n v e s t i g a t e d  under ‘Task C. l.a., ‘ R e f . -  28, and 
capable  of r e s t r i c t i n g  range e r r o r  ( s tandard  d e v i a t i o n )  t o  5 cm. The 
system i s  def ined  i n  t h e  fol lowing s e c t i o n s  under o b s t a c l e  d e f i n i t i o n ,  
d a t a  a c q u i s i t i o n  method, and path s e l e c t i o n .  System ope ra t ion  and 
a n a l y s i s ,  e s p e c i a l l y  as t o  da t a  e r r o r ,  are a l s o  explained.  
Obs tac le  D e f i n i t i o n  
A f i r s t  s t e p  t o  d e t e c t i n g  o b s t a c l e s  on t h e  unknown Mar t ian  
t e r r a i n  i s  approximating t h i s  t e r r a i n  by d i s c r e t e  o b s t a c l e s ,  i .e.,  
t h e  e n t i r e  t e r r a i n  i s  f l a t  except f o r  d i scont inuous  obs t ac l e s -bo th  
p o s i t i v e  and n e g a t i v e  obs t ac l e s .  
t e r r a i n  involves  measuring the h e i g h t  of  a l l  terrain, then  r e j e c t i n g  
A method of n a v i g a t i n g  through such 
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as unpassable  any h e i g h t s  
i n  Table  6 .  
TABLE 6. 
Maximum Step  Navigable 
M a x i m u m  Negat ive S tep  
Widest Crevice Fordab l e  
Maximum Slope Climbable 
Rover Speed 
Rover Width 
Rover Stopping Distance 
I 76 
above .44 m o r  below - .44 m, as shown. : 
R P I  MRV Parameters 
.44 m = Radius of Rover wheel 
-.44 m = Radius of Rover wheel 
.66 m = 3 / 4  Diameter of Rover Wheel 
- + 25' 
5 m i l e s  p e r  hour ,  maximum 
3 meters 
(1.5 meters 
Such a system i s  capable  of d i r e c t i n g  rover  s a f e l y ,  because i t  
eliminates a l l  unsa fe  t e r r a i n .  Some of t h e  t e r r a i n  e l imina ted ,  how- 
ever, i s  a c t u a l l y  pas sab le  because a gradual  s lope  precedes a n  ex- 
c e s s i v e  he ight .  F igures  37  and 35 show s i t u a t i o n s  where he igh t  o r  
depths  are excess ive  b u t  t h e  t e r r a i n  i s  s t i l l  passable  because of t h e  
gradual  s lope  o r  minimal ex ten t  of  n e g a t i v e  obs t ac l e s .  Thus, t h e  
system e l i m i n a t e s  t o o  much passable  t e r r a i n ,  caus ing  rove r  t o  t u r n  t o o  
o f t e n ,  t h e r e f o r e  was t ing  energy i n  t u r n s  and i n  t h e  extreme, e l imina-  
t i n g  a l l  t h e  terrain s o  t h a t  rover  cannot  move. To e l i m i n a t e  t h e s e  
f a i l i n g s ,  t h e  system wi th  s t e p  h e i g h t s  i s  supplemented by s l o p e  da ta .  
Now an o b s t a c l e  e x i s t s  only i f  i t s  he igh t  magnitude i s  over  .44 m and 
i f  t h e  s l o p e  magnitude preceding i t  i s  more than  25 degrees ,  ( s ee  
Table  6 ) .  
Method of Data Acqu i s i t i on  - Type of Data 
For t h e  normal, non-s te reo  mode, range and ang le  measurements 
are made, as i n  Fig. 37, These measurements, a long  w i t h  t h e  known 
d e v i a t i o n  of sensor  s t a f f  i r o m  t h e  l o c a l  v e r t i c a l ,  a l low t h e  system 
t o  compute base  b and h e i g h t  h of t h e  t e r r a i n .  These va lues  i n  t u r n  
a l low t h e  computation of s lope :  S = (h -11 ) / (b2-bl) .  D i f f e r e n t  p o i n t s  2 1  
i n  t h e  t e r r a i n  are inves t iga t ed  by us ing  a l a s e r / d e t e c t o r  which r o t a t e s  
about  a v e r t i c a l  a x i s  and sends out  d i s c r e t e  scans  i n  azimuth d i r e c t i o n s .  
Scanning Rates: Such a d i s c r e t e  scanning technique in t roduces  
some unknown t e r r a i n  between d a t a  p o i n t s .  Now, below .66 m of unknown 
t e r r a i n ,  t h e  rover  can fo rd  over an undetected c rev ice .  Therefore ,  
t h e  scan  must be  made fast enough t o  i n s u r e  a maximum of 0.66 m be- 
tween in-path p o i n t s  f o r  a l l  s i t u a t i o n s .  Worst c a s e  s i t u a t i o n  i s  de- 
p i c t e d  i n  Fig. 39 i n  which t h e  rove r  t r i e s  t o  see over t h e  crest  of a 
h i l l .  Were t h e  system t o  f i x  t h e  speed of scan  of t h i s  wors t  case 
s i t u a t i o n ,  the  rove r  would be t ak ing  da t a  every few cen t ime te r s  -- 
which i s  a g ross  waste of l a s e r  power when nav iga t ing  l e v e l  t e r r a i n  
and slows down rove r  motion unnecessar i ly .  To r e c t i f y  t h e  problem, a 
v a r i a b l e  scan rate i s  employed, o r  t h e  v e h i c l e  i s  simply d r iven  more 
s lowly u p h i l l .  A t y p i c a l  scan r a t e  f o r  l e v e l  t e r r a i n ,  a t  rove r  v e l o c i t y  
of 1 meter/second i s  .66 seconds p e r  scan:  o r  a scan  rate of about  2Hz. 
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An e l e c t r o n i c  beam d e f l e c t o r ,  Ref. 28, i s  capable  of sweeping v e r y '  
a c c u r a t e l y  a t  5kHz. 
Choice of Inc ident  Angle B : The range of i n t e r e s t  i n  s h o r t  
range  n a v i g a t i o n  i s  3 t o  30 meters.  C e r t a i n l y  i t  would be b e n e f i c i a l  
were w e  able t o  e x t r a c t  t e r r a i n  d a t a  from 30 m away. This  would 
f ac i l i t a t e  t e r r a i n  modeling s o  t h a t  w e  could slowly steer around 
o b s t a c l e s  i n s t e a d  of having t o  make t h e  hard  t u r n s  which a r e  necessary  
because w e  have knowledge of t e r r a i n  only  3 m away. 
t h i s  sys tem's  choice  f o r  t h e  range of d a t a  i s  4 meters because t h e  RPI 
MRV'S wheelbase of 3 m e t e r s  causes  s a f e  t u r n s  t o  be managed only w i t h  
knowledge of t e r r a i n  4 meters o r  more away ( inc lud ing  a margin of 
s a f e t y ) .  Furthermore,  t e r r a i n  information i s  obta ined  much more e a s i l y  
a t  4 meters than  30 meters because: (a )  w i t h  r e fe rence  t o  Fig. 39, 
h ighe r  i n c i d e n t  ang le  p means less t e r r a i n  informat ion  l o s t  when 
nav iga t ing  h i l l s  and (b) a b i l i t y  t o  i n v e s t i g a t e  craters i s  increased .  
We choose senso r  he igh t  D - 3 meters a l s o  t o  enhance t h e s e  two con- 
s i d e r a t i o n s .  Note a l s o  t h a t  the  4 meter  range ni.nimizes laser power 
and t h a t  t h e  R P I  MRV i s  ve ry  capable  of making t h e  necessary  sharp  
t u r n s  and f a s t  s tops ,  Table 6 .  
Never the less ,  
Mechanical des ign  has reached no f i n a l  d e c i s i o n  a t  t h i s  d a t e ,  
b u t  i t  appea r s  l i k e l y  t h a t  t h e  senso r  package on R P I ' s  MRV w i l l  be  
loca t ed  over  t h e  rear wheels -- 3 meters back of f r o n t .  A senso r  
s taff  r each ing  3 meters above ground i s  f e a s i b l e  from t h e  mechanical 
viewpoint.  With t h e s e  va lues ,  t h e  proper  cho ice  f o r  ,153 i s  23.2 de- 
g rees .  
Path Select i o n  
Once t h e  rover  has  sensed t h e  t e r r a i n  and decided whether an 
o b s t a c l e  e x i s t s  it must decide what t o  do w i t h  t h a t  information.  
That i s ,  a p a t h  s e l e c t i o n  dec i s ion  n u s t  be  made. Two p o s s i b i l i t i e s  
immediately a p p e a r :  
( a )  a GO/NO-GO dec is ion  t d e ,  and 
(b)  a Weighted F e a t u r e  d e c i s i o n  r u l e ,  
i nvo lv ing  more s o p h i s t i c a t e d  t e r r a i n  modeling. 
The f i r s t  d e c i s i o n  r u l e ,  GO/NO-GO, responds t o  t h e  yes  o r  no 
p r o p o s i t i o n :  does an o b s t a c l e  e x i s t  b h i c h  t h e  rover  would -encounter 
by con t inu ing  i t s  p resen t  course? Thus, t h e  laser scan should extend 
j u s t  enough i n  azimuth (=76O) t o  i n s u r e  a s a f e  t r a v e l i n g  width f o r  t h e  
rover .  I f  no o b s t a c l e  ex is t s  w i t h i n  t h i s  r eg ion ,  t h e  d e c i s i o n  i s  GO; 
con t inue  motion i n  the same d i r e c t i o n  (cowards t h e  miss ion  g o a l ) .  If 
an  o b s t a c l e  does e x i s t  w i t h i n  t h i s  reg ion ,  t h e  d i r e c t i o n  of motion i s  
changed, and another  scan made f o r  new o b s t a c l e s .  
t h e  s a f e  t r a v e l i n g  wid th  includes a tu rn ing  margin s o  t h a t  t h e  rove r  
may t u r n  s a f e l y  i n t o  a known t e r r a i n .  
It i s  noted t h a t  
The second dec i s ion  r u l e ,  u s ing  weighted t e r r a i n  f e a t u r e s ,  
u t i l i z e s  n o t  only d a t a  on ex i s t ence  of o b s t a c l e s ,  b u t  on t h e  magnitude 
of t h e  t e r r a i n  ( i . e . ,  r e l a t i v e  h e i g h t  and s lope  of t e r r a i n ) .  Thus, a 
d e c i s i o n  i s  made among s e v e r a l  navigable  pa ths  on t h e  b a s i s  of  which 
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is  easiest t o  climb, t h e r e f o r e  uses  t h e  least energy. The d i f f e r - '  
ence between t h e  two d e c i s i o n  r u l e s  may be observed by r e f e r r i n g  t o  
Fig.  40 where t h e  h e i g h t  of  t e r r a i n  i s  p l o t t e d  ve r sus  azimuth a n g l e  
for one scan. Here t h e  GO/NO-GO r u l e  would choose 0 degrees  as t h e  
d i r e c t i o n ,  and i t  c e r t a i n l y  i s  a nav igab le  pa th .  However, t h e  
weighted f e a t u r e  r u l e  would f ind  an  even b e t t e r  pa th  -- t h a t  r equ i r -  
i ng  less cl imbing power. This advantage is  n o t  a t  some c o s t ,  because 
t h e  weighted f e a t u r e  r u l e  r equ i r e s  a scan  wider  than be fo re  t o  enhance 
i t s  c a p a b i l i t y  of comparing seve ra l  pa ths .  A l s o ,  t h e  GO/NO-GO r u l e  
can be  used f o r  systems i n  which only  t h e  e x i s t e n c e  of o b s t a c l e s  is  
known and n o t  t h e  magnitude of t e r r a i n ,  whereas t h e  weighted f e a t u r e  
r u l e  r e q u i r e s  such knowledge i n  t h e  form of q u a n t i t a t i v e  va lues  f o r  
base ,  h e i g h t  and s lope .  
r e p o r t  does measure t h e  magnitude of t e r r a i n .  Furthermore,  i t  seems 
t h a t  such informat'ion may be obtained from t h e  t e r r a i n  a t  no c o s t  i n  
d a t a  e r r o r ,  and t h e r e f o r e  magnitude of t e r r a i n  d a t a  should b e  used i n  
t h e  pa th  s e l e c t i o n  r u l e .  
r u l e  i s  b e s t  w i l l  n o t  be  made h e r e ,  since it appears  t h a t  siich a d e t e r -  
mina t ion  can b e s t  be  made w i t h  t h e  h e l p  of s imula t ion  programs f o r  each  
d e c i s i o n  r u l e ,  ( see  Task C.2.). 
It i s  no ted  t h a t  t h e  system proposed i n  t h i s  
The de termina t ion  of which pa th  s e l e c t i o n  
System Operation 
The flow diagram of Figure 41  i l l u s t r a t e s  how t h e  range and 
a n g l e  measurements, and knowledge of s enso r  o r i e n t a t i o n  f a c i l i t a t e  
t h e  o p e r a t i o n  of t h e  system using t h e  GO/NO-GO d e c i s i o n  r u l e  as an 
example. F i r s t ,  t h e  base  and h e i g h t  (magnitude of  t e r r a i n )  d a t a  are 
computed, t hen  t h e  system i n v e s t i g a t e s  whether a d i s c r e t e  o b s t x l e  
exists. If n o t ,  t h e  dec i s ion  r u l e  say G O  (cont inue  motion i n  some 
d i r ec t i -on ) .  I f  he igh t  i s  excess ive ,  then  i t  i s  determined i f  a 
gradual  s lope  preceding  t h a t  po in t  a l lows  t h a t  pa th  t o  be nav igab le ,  
Fig. 37. This  i n v e s t i g a t i o n  i s  c a r r i e d  out  by us ing  t h e  computer- 
s t o r e d  d a t a  from s e v e r a l  previous scans  t o  gene ra t e  a s t o c h a s t i c  f i t ,  
( s ee  Task C.1.d.) t o  approximate t h e  s lope.  Another s i t u a t i o n  i n  
which an o b s t a c l e  of excess ive  h e i g h t  may be  navigable  t e r r a i n  i s .  
dep ic t cd  i n  Fig. 38. For t h i s  case, t h e  c r e v i c e  i s  deep bu t  s h o r t  
i n  d u r a t i o n  -- and rover  can r o l l  over  n e g a t i v e  o b s t a c l e s  less than  
.66 m. The procedure f o r  t h i s  c a s e  i s  t o  f i r s t  d i scove r  t h a t  h < -  .44 m 
and t h e  s lope  i s  less than  nega t ive  25 degrees .  Th i s  d i r e c t i o n  i s  n o t  
r e j e c t e d  y e t ,  b u t  t h e  rover  cont inues motion u n t i l  more scans  al low 
t h e  system t o  determine t h e  ex ten t  of t h e  n e g a t i v e  f e a t u r e .  I f  t h e  
e x t e n t  i s  less than  .66 m, the  f e a t u r e  i s  s t i l l  regarded as navigable .  
Note he re  t h a t  t h e  a b i l i t y  of t h e  RPI  MltV t o  t u r n  r a p i d l y  a l lows  t h e  
rove r  t o  cont inue  motion i n  t h i s  way and s t i l l  be a b l e  t o  t u r n  away 
should t h e  n e g a t i v e  f e a t u r e  extend more than  .66 m. 
A s  f a r  as t h e  weighted f e a t u r e  d e c i s i o n  r u l e  i s  concerned, a 
s i m i l a r  flow diagram could be invented t o  r e p r e s e n t  i t s  opera t ion .  
T e r r a i n  measurements would be combined by an  index of performance such 
as y = Klh + K2S. This  index y would be m u l t i p l i e d  by a d i r e c t i o n a l  
weight ing  func t ion  designed t o  g ive  p re fe rence  t o  d i r e c t i o n s  towards 
m i s s i o n  goal.  
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S e n s i t i v i t y  and Other Analysis  
The system ope ra t ion  presented  above should f u n c t i o n  p rope r ly ,  
c h a r a c t e r i z i n g  t e r r a i n  as unpassable  i f  and only i f  it e x h i b i t s  
excessive h e i g h t  and excess ive  s l o p e  and is long enough i n  e x t e n t  
t o  be dangerous. Some poss ib l e  f a i l i n g s  are:  
a. The d i s c r e t e  scanning p rocess  c r e a t e s  unknown reg ions  
which must be rendered s m a l l  enough f o r  all s i t u a t i o n s  
s o  t h a t  t h e  unknown reg ions  cannot  r e p r e s e n t  dangerous 
reg ions .  S u f f i c i e n t l y  r ap id  -scanning should e l i m i n a t e  
t h i s  problem. 
b.  The t i m e  r equ i r ed  f o r  scanning must be reasonably  s m a l l .  
In  f a c t ,  a laser scheme w a s  r u l e d  ou t  p rev ious ly  be- 
cause  " the amount of t i m e  requi red  t o  determine where 
t h e  o b s t a c l e s  are located i s  too  l a r g e , .  .due t o  mechani- 
cal  scanning". However, an e l e c t r o n i c  beam d e f l e c t o r  
could be used f o r  scanning t o  e l i m i n a t e  t h i s  problen. 
c. The de termina t ion  of data must be  a c c u r a t e  enough t o  be  
meaningful.  What follows i s  a s e n s i t i v i t y  a n a l y s i s  t o  
determine accuracy of d a t a ,  and some methods t o  f u r t h e r  
enhance measurement da ta .  
F i r s t ,  t h e  knowledge of angle  and range e r r o r s  i s  requi red .  
2 The v a r i a n c e  of range d a t a  i s  25 x 10-4 m , based on a s tandard  
d e v i a t i o n  of 5 cm,  Ref. 28.  Angle e r r o r  i s  due t o  beam divergence 
t h e  v a r i a n c e  of ang le  d a t a  i s  
r ad ians )  and l o c a l  v e r t i c a l  e r r o r  rad .  ) . Therefore  
radian'.. 
Now,referring t o  Fig.  39,  t h e  accuracy of d i s c r c t e  d a t a  (base 
and h e i g h t )  i s  analyzed -- 'assuming, f o r  geometr ic  s i m p l i c i t y ,  
t h a t  the sensor  s t a f f  i s  v e r t i c a l .  
The expected va lues  of the v a r i a n c e  of he igh t  i s  computed, 
u s i n g  t h e  expected parameters :  h = 0, b = 7 m 
2 2  2 
Var h = (R cos  6) (Var&-(s in  p )  (Var R) 
= 54 
Therefore :  
Cfh = 7.35 cen t ime te r s ,  a va lue  low enough t o  a l low meaningful 
t e r r a i n  da ta .  
As fo r  s l o p e  d a t a :  
A h  
S = (h -11 ) (b -b ) = 2 1  2 1  Ai (4 )  
I 
I 
B 
1 
I 
I 
I 
I 
I 
I 
I 
I 
1 
u 
I 
I 
I 
I 
I 
d(Ah) 
hb 
dS = 
I 82 
The expected v a l u e  of t h e  variance of the s lope  i s  computed, f o r  
which t h e  expected parameters  are h = 0 ,  b = 7 m. 
2 2  2 Var S = - 2 ( 2 R  cos  p ) (Varp)+(2sin p )  (VarR)  
(Ab 1 
6s 2 AS 2 
43 6 R  
= 2 (-j + 2 (-1 (25 x 
= 225 + 17.8 
= 243  
Therefore  0' = 15.6 x = 8.9 degrees  
Again, t h e  low e r r o r  permi ts  a c c u r a t e  da ta .  A s t o c h a s t i c  
S 
f i t ,  us ing  several p o i n t s ,  can dec rease  e r r o r  f u r t h e r .  
S t e reo  methods have been i n v e s t i g a t e d  t o  a t tempt  i n  reducing 
t h e  d a t a  e r r o r .  
t o  e l i m i n a t e  e i t h e r  t he  ang le  measurement o r  t h e  range measurement and 
r e l y  on two range measurements o r  two ang le  measurements, r e s p e c t i v e l y .  
A s  example, t h e  range s t e r o  i s  p re sen ted ,  Fig.  4 2 ,  f o r  which t h e  sys-  
t e m s  equat ions  wi th  v e r t i c a l  sensor  s t a f f  are:  
The s t e r e o  concept involves  t h e  use of t r i a n g u l a t i o n  
b = 1/2R 2 + 1 / 2 r  2 2  - L - 7 1 (R4+r4-2r 2 2  R )1 6 L  
Ah s =  -
Ab 
Such a system i s  seen  as an advantage i n  cases  where, f o r  t h e  
example of s lope  d a t a ,  t h e  f i r s t  term of  equat ion  (6) i s  s i g n i f i c a n t l y  
sma l l e r  than  t h e  second term. In  t h e  range  s t e r e o  system, 6s ' 
dS b u t  - SR 
of range and ang le  e r r o r s ,  s t e r e o  schemes are no t  a p p r o p r i a t e ,  be- 
cause  e r r o r s  due t o  range o r  angle  are f a i r l y  c lose .  But should in-  
s t rumen ta t ions  create a d i s p a r i t y  between range and ang le  e r r o r s ,  
t hen  c e r t a i n l y  s t e r o  methods could be  used t o  good advantage.  In  
f a c t  c a l c u l a t i o n s  show t h a t  a system wi th  range e r r o r  ( s tandard  de- 
v i a t i o n )  of .8 cm o r  less would c o n s t i t u t e  a s i t u a t i o n  i n  which s t e r e o  
methods could enhance d a t a  accuracy. 
= o  - 
6 P  
i s  l a r g e r  than  t h e  non-s te reo  case. For t h e  p re sen t  v a l u e s  
F igure  43 shows how system accuracy v a r i e s  w i th  i n c i d e n t  ang le ,  
f o r  v a r i o u s  measurement e r r o r s .  Note t h a t  s t e r e o  has  no advantage 
i f  ang le  e r r o r  can  be  r e s t r i c t e d  t o  -3'. 
Conc l u s  ions 
The b e s t  
7 meters from 
range a t  which t o  t a k e  d a t a  has  been determined t o  be  
t h e  sensor .  The d e t e c t i o n  scheme u t i l i z e s  s l o p e  d a t a ,  
which has  been shown t o  be accu ra t e  as i s  t h e  he igh t  da ta .  A s t e r e o  
(7) 
183 
.I 
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method of da t a -ga the r ing  w a s  formulated b u t  found i n f e r i o r  t o  ’ 
t h e  normal mode f o r  p re sen t  va lues  of measurement e r r o r s .  A 
f low c h a r t  de f in ing  system opera t ion  based on h e i g h t ,  s l o p e  and 
e x t e n t  of n e g a t i v e  t e r r a i n  has been formulated.  
of t h e  scan rate  i n d i c a t e s  t h a t  t h e  ra te  i s  b e s t  v a r i e d  from 2% 
t o  5kHz depending on t h e  rove r ’ s  o r i e n t a t i o n  from 0 t o  25O. 
I n v e s t i g a t i o n  
For f u t u r e  work, a s imula t ion  s tudy  i s  recommended t o  determine 
t h e  s u p e r i o r  d e c i s i o n  r u l e :  
A l s o ,  an e f f o r t  should be made t o  i n s u r e  t h a t  ang le  e r r o r  i s  below 
.5 degrees  o r  t h a t  range e r r o r  i s  below .8 cen t ime te r s ,  which would 
f a c i l i t a t e  s t e r o  methods. 
GO/NO-GO o r  a weighted f e a t u r e  dec i s ion .  
C.1.d. T e r r a i n  Modeling- Edward Schoen 
Facul ty  Advisor:  Prof.  C. N. Shen 
The problem of d e r i v i n g  a p a t h  s e l e c t i o n  a lgo r i thm which w i l l  
a l low t h e  rover  v e h i c l e  t o  t r a v e r s e  t h e  s u r f a c e  of Mars s a f e l y  can 
be  d iv ided  i n t o  two main a reas  of study. The f i r s t  area c o n s t i t u t e s  
t h e  c o l l e c t i o n  of d a t a  necessary t o  determine t h e  Martian s u r f a c e  
f e a t u r e s .  
and t h e  d e c i s i o n  po l i cy  used,  once a v a l i d  r e p r e s e n t a t i o n  of t h e  sur -  
face i s  obtained.  This  r epor t  w i l l  concern i t s e l f  w i th  t h e  l a t te r  
area w i t h  emphasis placed on i n t e r p r e t a t i o n  of d a t a .  
The second area of s tudy i s  t h e  i n t e r p r e t a t i o n  of t h e  d a t a ,  
It i s  assumed t h a t  a means of c o l l e c t i n g  d a t a ,  whether r a d a r ,  
sonar ,  o r  laser, i s  a v a i l a b l e .  The d a t a  a v a i l a b l e  from t h e  senso r  
w i l l  be  a range measurement, R, from t h e  t r a n s m i t t e r  t o  t h e  p o i n t  on 
t h e  t e r r a i n ,  a heading ang le ,  €3 , which i s  measured wi th  r e s p e c t  t o  
t h e  heading ang le  of t h e  veh ic l e ,  and an e l e v a t i o n  angle ,& , which i s  
measured wi th  respect t o  a h o r i z o n t a l  p lane  f i x e d  t o  t h e  veh ic l e .  
These ang le s  are shown i n  Fig.  44 and r ep resen t  p o s i t i v e  va lues .  The 
coord ina te  axes  i s  f i x e d  t o  tile v e h i c l e .  It is  assumed a r e f e r e n c e  
21 $-- .. 
i /T t-’ r- 
FIGURE 44 
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t o  t h e  l o c a l  ver t ica l  is  known a t  a l l  t imes.  
model p a r t  o f  t h e  t e r r a i n  as a plane def ined  by t h e  fo l lowing  
equat ion  : 
It i s  p o s s i b l e  t o  : 
(1) h = ax1+ bX2+ X3 
Once t h e  p lane  i s  known, t h e  s lope  of t h e  t e r r a i n  i s  g iven  by 
(3) 
( 4 )  
- = Cross path s l o p e  
- bh = In pa th  s lope  (Ref. 22 and 23) and 
If t h e  t e r r a i n  s lope ,  SG, i s  less then a predetermined c r i t e r i o n  
t h e  pa th  i s  cons idered  t o  be  s a f e  f o r  t h e  veh ic l e .  
x1 -ba 
x2 -bb 
where 
To determine t h e  equat ion  of t h e  p l ane  f o u r  measurement p o i n t s  
These measurements con ta in  e r r o r s  from two sources .  One are taken. 
source  i s  t h e  range e r r o r  from the  sensor ,  
arises from e r r o r s  i n  ang le  measurements. 
how t h e s e  measurement e r r o r s  w i l l  e f f e c t  t h e  approximation of t h e  
plane.  
s e c t i o n .  
The o the r  source of e r r o r  
It i s  important t o  know 
For t h i s  reason an e r r o r  a n a l y s i s  w i l l  be done i n  t h e  next  
Each measurement c o n s i s t s  of a range r e t u r n  and two a n g l e s , e  
and /3 . With t h e s e  t h r e e  q u a n t i t i e s  t h e  t h r e e  coord ina te s  h ,  a ,  and b 
of t h e  t e r r a i n  p o i n t  can be determined. 
p o i n t s  a s t o c h a s t i c  f i t  can  be made t o  approximate a p lane  t h a t  r ep re -  
s e n t s  t h e  a c t u a l  t e r r a i n .  
and b i s  g iven  i n  Fig.  45. 
Taking four  measurement 
The geometry of t h e  problem showing h, a,  
A sensor  h e i g h t  of 3.0 meters i s  assumed. 
Y G 
h = 3.0-p? S i n g  
b = R Cosg Cos0 
a = f? Cosg Sine 
FIGURE 45 
GEOHETRY OF DATA. RETURNS 
The type  of s t o c h a s t i c  f i t  used w a s  a weighted least  square  
f i t  on t h e  v a r i a b l e  h.  Th i s  t y p e  of f i t ,  Ref. 29 and 30, assumes , 
no e r r o r s  i n  t h e  v a r i a b l e s  a and b. We are i n t e r e s t e d  i n  d e t e r -  
mining t h e  random v a r i a b l e s  b b ,  Ah, and A a  i n  terms of t h e  e r r o r s  
~p , A 0  and AR. It i s  assumed t h a t  p 0 , and R are ze ro  mean 
gauss i an  v a r i a b l e s .  
’ 
Equat ions 5, 6 ,  and 7 show t h e s e  r e l a t i o n s h i p s  
- 
A b  = Cos 
A h  = - ( E  CosP45 + S i n 6  LiR) 
b a  = Cos 
Cos 0 A R  - R Sin p Cos a - Cos f i  Sin  B A 0  
4 
Cos 3 A K  + 
where 6 ,  B and are t h e  t rue va lues .  
Sin 6 Sin a h $  - R Cos 6 Cos 
Knowing t h e  p r o b a b i l i t y  of e r r o r  i n  our  measurements w e  would 
now l i k e  t o  b o w  t h e  p r o b a b i l i t y  of e r r o r  i n  our  model. 
If w e  had an e r ror le_ss  sensor  t h e  four  r e t u r n  p o i n t s ,  n o t  
e x a c t l y  i n  a p lane ,  (g, b, h l ) ,  (Z2y b 2 >  h2) ... (a4y  bqY h4) - - -  - - -  
def ined  by 
A J-9 
could  be used t o  form a p lane  
A - A  , A  
h l = a X  + b X  + X  
The e s t ima ted  parameters  
3 1 1  1 2  
e r r o r :  
2 4 - A  ERROR: = . z ( h i - h i )  
i = l  
A 
where h i s  t h e  corresponding 
Using matrix n o t a t i o n  
0% 
A X = h  - -  
L - 
1 
2 
3 
4 
where A = a 
a 
a ia - e - 1 :I 1 
A A A  
X1, X 2 ,  X minimizes t h e  fo l lowing  3 
height  i n  t h e  p l ane  
The va lues  of X are given by equat ion  (8) 
f i . = ( A A )  - T- -1 -T- A h  
- 
The same procedure can be followed f o r  t h e  measurements 
(al, b l ,  h lC- - (aqy  b 4 ,  h4).  
h = aX1 -t- bX2 + X 
These measurements d e f i n e  a p lane ,  
h A N 
3 
- 8 .- 
& h r  fu 
The e s t ima ted  parameters  X X and X minimizes t h e  e r r o r  
1' 2 3 
4 
t =  I 
ERROR = z (hi-ci)2 
rrr 
where h .  i s  t h e  corresponding h e i g h t  i n  t h e  
Thus A = h 
1 
& A .  
- 
A T -1 -1 T -1 X = ( A R  - A) A R  h 
hl 
h2 
h3 
h4 
where b = 
R =  I:: 
plane. 
0 0 0  
e o  0 
0 q 0 
0 0 q=- 
e,?= v a r i a n c e  o f  h on i t h  measurement 
' To determi-ne t h e  al lowable e r r o r s  i n  range and ang le  measure- 
ments a number of d i f f e r e n t  planes were i d e n t i f i e d  us ing  t h e  
s t o c h a s t i c  f i t  of t h e  previous s e c t i o n  f o r  a number of d i f f e r e n t  
s tandard  d e v i a t i o n s  of t h e  range and ang le  measurement e r r o r s .  
Each p l ane  w a s  examined using a 1, 5, and 10 cm. s tandard  
d e v i a t i o n  on t h e  range e r r o r .  Foz each of t h e  above range s tandard  
d e v i a t i o n s ,  an  angle  s tandard  d e v i a t i o n  i n  @ and 8 of one t o  f i v e  
m i l l i r a d i a n s  i n  increments of one m i l l i r a d i a n  was used. The s tandard  
d e v i a t i o n s  of ,3 and were assumed equal  f o r  each case .  
Or ig ina l  measurements were t aken  a t  ang le s  of @ = .1 and .095 
mi l l i r ad i - ans  .and 0 =O and .02 m i l l i r a d i a n s  f o r  each -B . -The .po in t  
of i n t e r s e c t i o n  of t he  plane t o  be modeled and the  sensor  s i g n a l  w a s  
c a l c u l a t e d .  The c a l c u l a t i o n  y i e l d s  h ,  a ,  and b. The range from t h e  
t r a n s m i t t e r  t o  t h e  t e r r a i n  point  i s  then  c a l c u l a t e d .  The range re- 
t u r n  and t h e  two angle  measureme.nts a r e  then  per turbed  p lus  o r  minus 
one s tandard  devia t ion .  Using E q .  (l), t h e  measurement p o i n t s  are 
determined. The f i n a l  s t e p  i s  t o  use  t h e  measured t e r r a i n  p o i n t s  i n  
t h e  s t o c h a s t i c  f i t  and determine t h e  approximation t o  t h e  model. 
The o r i g i n a l '  measurements were taken  such t h a t  i f  t h e  t e r r a i n  
w e r e  a h o r i z o n t a l  p lane  wi th  h = O ,  t h e  sensor  beam would i n t e r c e p t  t h e  
t e r r a i n  about t h i r t y  meters i n  f r o n t  of t h e  v e h i c l e .  The f o u r  measure- 
ments wcre separa ted  t o  form a r e c t a n g l e  t h a t  w a s  approximately 1.5 
meters long and 1.0 meters  wide .  
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To minimize e r r o r s  due t o  t h e  rocking and r o l l i n g  of t h e  v e h i c l e  
w h i l e  d a t a  i s  be ing  c o l l e c t e d ,  it i s  assumed t h e  sensor  can  b e  pos i -  
t i oned ,  v i a  a c rys ta l  focusing system i n  one o r  two mi l l i s econds .  
Tables  7 and 8 show t h e  va r ious  r e s u l t s  of t h e  approximation t o  
t h e  p l ane  de f ined  by: 
h = .25a + .2b - 4.0 
The first t a b l e  i s  f o r  a one cent imeter  s tandard  d s v i a t i o n  i n  t h e  
range r e t u r n  da t a .  The second t a b l e  i s  f o r  a f i v e  centimeter s tandard  
d e v i a t i o n  i n  t h e  range measurements. Resu l t s  u s i n g  a t e n  cen t ime te r  
s t anda rd  d e v i a t i o n  f o r  t h e  range are approximately t h e  same as those  
f o r  a f i v e  cen t ime te r  s tandard  dev ia t ion .  For t h i s  reason ,  t hose  re- 
s u l t s  are omit ted. .  
The s tandard  d e v i a t i o n s  used f o r  t h e  angle  measurements are shown 
i n  t h e  f i r s t  column of t h e  tables .  The r e s u l t i n g  models are shown i n  
column two. The e r r o r  f o r  t h e  c ros s -pa th  and in-pa th  s l o p e s  are found 
i n  t h e  l a s t  two columns r e spec t ive ly .  
F igure  46 i s  a se t  of graphs of t h e  e r r o r  i n  t h e  in-pa th  and c ross -  
pa th  s lopes  as a func t ion  of va r ious  s tandard  d e v i a t i o n s  of t h e  ang le  
measurements. The graph a t  t h e  t o p  of F ig .  46 i s  €or  a range s tandard  
d e v i a t i o n  of one cent imeter .  The bottom graph i s  f o r  a f i v e  cen t ime te r  
s t anda rd  devia t ion .  The in-path s l o p e  i s  shown as a dashed l i n e .  The 
s o l i d  l i n e  r e p r e s e n t s  t h e  c ross -pa th  s lope.  
F igure  47 shows t h e  e f f e c t s  on t h e  e r r o r  i n  t h e  slope measurements 
when s i x  d a t a  p o i n t s  are used f o r  t h e  s t o c h a s t i c  f i t  i n s t e a d  of four .  
The' graphs are f o r  a s tandard  d e v i a t i o n  of f i v e  centimeters i n  t h e  
range r e tu rn .  
TABLE 7 
EFFECT OF FANGE ERROR OF 0.01 METER ON 
IN-PATH AND CROSS-PATH SLOPES 
Plane t o  be  modeled: h = .25a + .2b - 4.0 
a c t u a l  c ross -pa th  s lope  = 14.036' 
a c t u a l  in-path s l o p e  = 11.21' 
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For a g iven  ang le  dev ia t ion ,  t h e  e r r o r s  i n  t h e  . in-path 
and t h e  c ross -pa th  (X ) s lopes  are approximately t h e  same 
f o r  t h e  t h r e e  range dev ia t ions .  
(x2) 
1 
Angle dev ia t ions  a r e  dominant over range d e v i a t i o n s  from 
one t o  t e n  cm. 
E r r o r s  i n  the  in-path an1 cross-path s lopes  i n c r e a s e  
l i n e a r l y  as ang le  dev ia t ions  inc rease  from one t o  f o u r  
m i  11 i r  a d  i ans  . 
E r r o r s i n  t h e  s lopes  reach  a s teady  state v a l u e  as t h e  ang le  
d e v i a t i o n s  approach t e n  mi l i r ad ians .  
Four p o i n t  f i t s  gave b e t t e r  r e s u l t s  than  a t h r e e  p o i n t  f i t .  
Six p o i n t  f i t s  gave b e t t e r  r e s u l t s  than a f o u r  p o i n t  f i t  
except  when measuring a nega t ive  c ross -pa th  s lope .  This  
might be due t o  t h e  c loseness  of t h e  measurement. 
h e n  f o r  a one m i l l i r a d i a n  s tandard  d e v i a t i o n s  on [J and 
0 , e r r o r s  i n  c ross -pa th  s l o p e s  were as high as t h r e e  t o  
f i v e  degrees.  An a lgor i thm which i s  n o t  dependent on ang le  
measurements might y i e l d  b e t t e r  r e s u l t s .  
FIGUREs'46- Slope E r r o r s  VS. A n g u l a r  S t a n d a r d  D e v i a t i o n s  
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c.2. Path S e l e c t i o n  System Evaluat ion - S .  Boheim, W. Purdon 
Facu l ty  Advisor:  Prof.  D. K. F rede r i ck  
The o b j e c t i v e  of t h e  present  e f f o r t  i s  twofold.  The f i r s t  'is 
t h e  development of a computer package which w i l l  p rovide  t h e  capa- 
b i l i t y  of dynamically s imula t ing  a wide var ie ty  of senso r ,  t e r r a i n  
modeling, and p a t h - s e l e c t i o n  a lgor i thm combinations.  The second i s  
t h e  gene ra t ion  of c r i t e r i a  f o r  t h e  q u a n t i t a t i v e  e v a l u a t i o n  and com- 
pa r i son  of t h e  sys tem's  performance. It is  a n t i c i p a t e d  t h a t  t h e  
development of  a r e a l i s t i c  s imula t ion  c a p a b i l i t y  i s  a necessary  
c o n d i t i o n  f o r  the es tab l i shment  of meaningful performance cr i ter ia .  
Previous e f f o r t s  i n  t h e  a rea  of pa th  s e l e c t i o n  systems have 
concent ra ted  upon t h e  development of  a t e r r a i n  modeling system, in-  
c lud ing  a n a l y s i s  of t h e  e f f e c t s  of s enso r  e r r o r  on t h e  model, and 
upon s t u d i e s  of pa th - se l ec t ion  a lgo r i thm c h a r a c t e r i s t i c s .  One such 
s tudy  d id  invo lve  t h e  i n t e g r a t i o n  of t e r r a i n  modeling and path-  
s e l e c t i o n  systems f o r  t h e  purpose of a lgo r i thm performance eva lua t ion ,  
Ref. 22. However, t h e s e  works have been mainly a p p l i c a b l e  t o  a long- 
range o b s t a c l e  d e t e c t i o n  system, e.g., sensor  ranges of 50 t o  1500 
meters , and have n o t  included q u a n t i t a t i v e  c r i te r ia  f o r  performance 
eva luat.  ion  
Here, a t t e n t i o n  has  been d i r e c t e d  a t  mid-range a p p l i c a t i o n s ,  
assumed t o  b e  3 t o  30 meters, as d i s t i n c t  from shor t - range  a p p l i c a -  
t i o n s  us ing  a t a c t i l e  s enso r  and t h e  p rev ious ly  s t u d i e d  long-range 
system. 
The progres s  in  t h e  two a r e a s  of s tudy  i s  d i scussed  below, 
followed by a s ta tement  of f u t u r e  work. 
C.2.a. Computer Simulat ion Package 
The computer s imula t ion  package i s  a se l f - con ta ined  u n i t .  Not 
only does it sinrulate t h e  funct ioi t ;  of a t e r r a i n  senso r  and modeler,  
c o n t a i n  a pa th  s e l e c t i o n  algori thn>;  and s imula t e  t h e  v e h i c l e ' s  mo- 
t i o n  dynamics, b u t  i t  a l s o  includes a mathematical  d e s c r i p t i o n  of a 
t e r r a i n  and e v a l u a t e s  system performance us ing  t h e  c r i t e r i a  e s t a b l i s h -  
ed f o r  t h i s  purpose. The inc lus ion  of t h e  l a t t e r  two i tems i n  t h e  
package reduces e r ror -prone  handwork and ex tends  cons iderably  t h e  
scope of t h e  s i m u l a t i o n ' s  eva lua t ion  c a p a b i l i t i e s .  
There w e r e  two major cons ide ra t ions  taken  i n t o  account  dur ing  
t h e  computer package design.  F i r s t ,  t h e  f l e x i b i l i t y  of  t h e  s imula t ion  
i s  of primary importance. For example, t h e  s u b s t i t u t i o n  of a l t e r n a t e  
p a t h - s e l e c t i o n  a lgor i thms and senso r  schemes 
from s imula ted  runs must b e  conducted wi th  a minimum of reprogramming. 
Input ing  of t e r r a i n  data must be  f l e x i b l e  enough t o  a l low f o r  t h e  
eva lua t ion  o f  system performance over  a v a r i e t y  of t e r r a i n  types.  
based upon conclus ions  
A s  a second cons ide ra t ion ,  i t  must be p o s s i b l e  t o  inco rpora t e  
non- idea l  f e a t u r e s  which w i l l  tend t o  degrade v e h i c l e  performance. 
Such a d d i t i o n s  w i l l  enhance the r ea l i sm of t h e  s imula t ion  and improve 
r e s u l t a n t  r e l i a b i l i t y .  Examples of non- idea l  f e a t u r e s  are v e h i c l e  
bounce, t h e  s l o p e  of t e r r a i n  a t  t h e  v e h i c l e ' s  l o c a t i o n ,  and sensor -  
read ing unce r t a in ty .  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
93 
The areas of program development i n  which t h e  e f f o r t s  have 
been made t o  d a t e  are discussed below. 
Program S t r u c t u r e  
In  e s t a b l i s h i n g  t h e  computer s imula t ion  package s t r u c t u r e ,  t h e  
approach taken  has  been t o  sepa ra t e  l o g i c a l  func t ions  i n t o  i n d i v i d u a l  
b locks  as much as poss ib l e .  The s t r u c t u r e  of t h e  package i s  shown i n  
Fig. 48, where t h e  l i n e s  between t h e  b locks  i n d i c a t e  informat ion  flow. 
The b locks  may b e  grouped i n t o  t h e  fo l lowing  t h r e e  c a t e g o r i e s :  
s e l e c t i o n  system, s imula t ion  environment, and eva lua t ion  and d i sp lay .  
pa th  
To d a t e ,  development has  proceeded t o  sof tware  implementation of 
t h e s e  t h r e e  c a t e g o r i e s ,  as descr ibed  below: 
Path S e l e c t i o n  Svstem 
(2)  Sensor Simulator  Block - The scheme chosen f o r  an 
i n i t i a l  development of t h i s  b lock  involves  a laser 
beam scanner  w i t h  zero beamwidth. The v e h i c l e  i s  
assumed t o  be  s t a t i o n a r y  f o r  each scan and t h e r e  i s  
a uniform t i m e  (T) between scans. A s i n g l e  beam i s  
swept h o r i z o n t a l l y  and d i s c r e t e  samples  are taken 
dur ing  each scan. The beam has  a f i x e d  a t t i t u d e  w i t h  
respect t o  t h e  p l a n e t ' s  t r u e  ver t ical .  
The b lock  s imula t e s  t h e  motion of t h e  beam scan and 
t h e  impingement of  the beam on t h e  t e r r a i n .  Values 
f o r  t h e  x and y coord ina te s  a long t h e  beam are 
suppl ied  t o  t h e  t e r ra in  c h a r a c t e r i z a t i o n  block which 
i n  t u r n  gene ra t e s  a v a l u e  of t h e  a l t i t u d e  of t h e  
t e r r a i n  ( z )  a t  t h e p o i n t x , y .  The va lue  of z i s  com- 
pared wi th  t h e  a l t i t u d e  of t h e  beam (z*) a t  t h e  same 
x,y coord ina te s .  The process  i s  cont inued u n t i l  z;k 
i s  s u f f i c i e n t l y  c l o s e  t o  z ,  Fig.  4 9 .  Then t h i s  v a l u e  
of z i s  taken t o  be  t h e  a l t i t u d e  of t h e  t e r r a i n  a t  
t h e  p o i n t  of beam impingement, and t h e  range from t h e  
senso r  t o  t h e  impingement p o i n t  i s  ca l cu la t ed .  
The output  of t h e  block inc ludes  t h e  azimuth and 
e l e v a t i o n  angles  and range  from t h e  sensor  t o  each  of 
t h e  p o i n t s  of impingement a long  t h e  beam scan. The 
b lock  a l s o  has t h e  c a p a b i l i t y  of s imula t ing  more than  
one beam scan  from the v e h i c l e  l o c a t i o n ,  so as t o  
s a t i s f y  t h e  information requirements  of more s o p h i s t i -  
c a t e d  t e r r a i n  models. Noise may be added t o  t h e  eleva- 
t i o n  ang le  and range measurements of t h e  sensor  t o  
s imula t e  t h e  e f f e c t  of a moving, bouncing veh ic l e .  
( i i )  T e r r a i n  Modeling and Pa th -Se lec t ion  Algorithm Blocks - 
These two blocks s imula te  t h e  c a l c u l a t i o n s  which must 
be  performed by t h e  on-board computer i n  o rde r  t o  
gene ra t e  a s t e e r i n g  command f o r  t h e  v e h i c l e  t o  execute .  
The t e r r a i n  modeling b lock  uses  t h e  s imulated senso r  
measurements t o  c o n s t r u c t  a model of t h e  t e r r a i n  t h a t  
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has  been scanned by t h e  mid-range sensor .  
p a t h - s e l e c t i o n  algori thm block  uses  t h e  t e r r a i n  
model t o  s e l e c t  a des i red  v e h i c l e  path.  The output  
of t h e  pa th - se l ec t ion  a lgo r i thm block i s  a s t e e r i n g  
command which w i l l  move t h e  v e h i c l e  i n  t h e  d e s i r e d  
l o c a t  ion. 
The 
A more d e t a i l e d  d e s c r i p t i o n  of t h e  development of 
t h e s e  pa th - se l ec t ion  system blocks ,  and t h e  t e r r a i n  
c h a r a c t e r i z a t i o n  block ( see  below), can be  found i n  
Ref. 31. 
Simulat ion Environment 
The b locks  i n  t h i s  category s e t  up and conduct t h e  a c t u a l  simu- 
l a t i o n .  The t e r r a i n  c h a r a c t e r i z a t i o n  block c o n t a i n s  t h e  mathemat ica l  
d e s c r i p t i o n  of  t h e  su r face  onwhich t h e  v e h i c l e  is  t o  t r a v e l ,  and t h e  
v e h i c l e  dynamics and a t t i t u d e  block moves t h e  v e h i c l e  on t h i s  sur face .  
( i )  T e r r a i n  Charac t e r i za t ion  Block - The i n i t i a l  
i n v e s t i g a t i o n  f o r  t h e  des ign  of t h i s  b lock  in -  
volved s t u d i e s  of var ious  mathematical  approaches 
t o  t e r r a i n  desc r ip t ion .  The approach s e t t l e d  upon 
involves  u t i l i z i n g  a polynomial ( i n  t h e  two inde- 
pendent v a r i a b l e s  x and y )  r e p r e s e n t a t i o n  and 
b u i l d i n g  Gaussian d i s t r i b u t i o n s  upon t h i s  base.  These 
d e s c r i p t i o n s  a r e  used t o  convey low frequency f e a t u r e s .  
In a d d i t i o n ,  a s p e c i a l - f e a t u r e s  inpu t  a l lows  f o r  
boulders  and crevasses  (high frequency components). 
The block w i l l  read i n  data conveying each of t h e  
mathematical  c h a r a c t e r i z a t i o n s  of the  t e r r a i n ,  and w i l l  
s t o r e  t h a t  information. Once t h e  s imula t ion  of a p a t h  
s e l e c t i o n  process  begins,  t h e  block provides  t h e  va lue  
of t h e  a l t i t u d e  of the s u r f a c e  a t  any given x , y  loca-  
t i o n ,  us ing  a l l  of the  t e r r a i n  f e a t u r e s  spec i f i ed .  
The sof tware  development has  been completed f o r  a 
polynomial and a s p e c i a l - f e a t u r e  t e r r a i n  d e s c r i p t i o n .  
The polynomial may vary i n  complexity from ze ro  t o  n i n t h  
order .  The s p e c i a l  f e a t u r e  d e s c r i p t i o n  a l lows  t h e  use r  
t o  add boulders ,  c revasses ,  c l i f f s ,  and c r a t e r s ,  and t o  
spec i fy  t h e  s i z e ,  shape, and l o c a t i o n  of any of t h e s e  
t e r r a i n  f e a t u r e s .  The Gaussian f e a t u r e  d e s c r i p t i o n  has  
been l e f t  f o r  f u t u r e  work. 
( i i )  Vehicle  Dynamics and A t t i t u d e  Block - The purpose of 
t h i s  b lock  is  t o  s imulate  t h e  motion of t h e  v e h i c l e  and 
t o  provide t h e  systems e v a l u a t i o n  block wi th  t h e  neces-  
s a r y  information for  a n a l y s i s  of t h e  v e h i c l e ' s  motion. 
Its output  inc ludes  such information as t h e  v e l o c i t y ,  
l o c a t i o n ,  and the  d i r e c t i o n  of t h e  v e h i c l e  a t  t h e  next  
mid-range sensor  scan time, as w e l l  as t h e  information 
mentioned e a r l i e r  t h a t  i s  be ing  passed t o  t h e  systems 
eva lua t ion  block.  To d a t e ,  sof tware  implementation has  
been completed i n  the fol lowing a r e a s :  
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Vehic le  Response Time - Provis ions  have been 
made so  t h a t  the  v e h i c l e  can t u r n  only at  a 
s p e c i f i c  rate and so  t h a t  t h e  t r a v e l  of t h e  
v e h i c l e  dur ing  very  slow senso r  scans and/or  
very  slow computer  c a l c u l a t i o n s  can be  simula- 
ted .  
u s e r  can assume i d e a l  cond i t ions ,  i f  des i r ed .  
These provis ions  are o p t i o n a l  and t h e  
Downhill Acce lera t ion  - When t h e  v e h i c l e  i s  on 
a p o s i t i v e  s lope,  a p o t e n t i a l  energy formula,  
de r ived  i n  Ref. 22 i s  used t o  c a l c u l a t e  power 
requirements  and t h e  v e l o c i t y  of t h e  v e h i c l e .  
When t h e  veh ic l e  i s  on a nega t ive  s lope ,  t h e  
v e h i c l e ' s  motors are turned  of f  and t h e  v e h i c l e  
i s  a c c e l e r a t e d  by g r a v i t y  only.  
b reaking  i s  assumed so  t h a t  t h e  v e h i c l e  w i l l  
n o t  t rave l  faster than  a v e l o c i t y  s p e c i f i e d  by 
t h e  user .  
Regenerat ive 
Random Disturbances - Noise of two types  may 
b e  added t o  the measurements of t h e  mid-range 
sensor  and/or  t o  o t h e r  parameters  of t h e  pa th  
s e l e c t i o n  system. The n o i s e ,  s imu la t ing  random 
e f f e c t s  due t o  t h e  bouncing of t h e  v e h i c l e  as 
it  moves, may b e  e i t h e r  f i l t e r e d  o r  u n f i l t e r e d  
wh i t e  no i se .  If t h e  former i s  d e s i r e d ,  a 
second-order f i l t e r  i s  used which has  t h e  same 
damping f a c t o r  and n a t u r a l  frequency as t h e  
v e h i c l e ' s  dominant mode. 
Shor t  Range Sensor - An i d e a l  mechanical sensor  
- s imula to r  i s  ava i l ab le .  Since a shor t - range  
mechanical sensor  may i n t e r f e r e  wi th  sc i ence  
ope ra t ions ,  - t h i s  s imu la t ion  p rov i s ion  i s  o p t i o n a l  
and i s  c o n t r o l l e d  by t h e  use r .  
Evalua t ion  and Display 
These b locks  provide in te rmedia te  s imula t ion  information,  
g r a p h i c a l  d i s p l a y s ,  and an eva lua t ion  of  t h e  performance of t h e  p a t h  
s e l e c t i o n  system f o r  t h e  user .  
( i )  Systems Evaluat ion Block - This  b lock  e v a l u a t e s  
t h e  performance of a pa th  s e l e c t i o n  system us ing  t h e  
e v a l u a t i o n  c r i t e r i a  e s t a b l i s h e d  i n  Task C.2.b..below. 
Software implementation of t h i s  b lock  h a s  been com- 
p l e t e d .  
( i i )  T e r r a i n  Display Block - This  b lock  p r e s e n t s  t h e  u s e r  
w i t h  a contour  map of t h e  s u r f a c e  conta ined  i n  t h e  
t e r r a i n  c h a r a c t e r i z a t i o n  block.  An example of such a 
map i s  given i n  Fig. 50. The v e h i c l e  pa ths  shown on 
t h i s  f i g u r e  have been superimposed by hand and w i l l  be  
d iscussed  later.  Each band on t h e  map i n d i c a t e s  a 
d i f f e r e n c e  i n  e l eva t ion  of 0.5 meters, The map shows 
an  area of about  900 square meters. 
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Figure  50. Terrain Contour Map with Vehic le  Paths Superiniposed 
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( i i i )  Model Display Block - This  b lock  w i l l  p rovide  t h e  
u s e r  w i t h  a r e p r e s e n t a t i o n  of t h e  t e r r a i n  model com- 
puted by t h e  pa th  s e l e c t i o n  system, b u t  has  no t  y e t  
been implemented. 
C.2.b. System Evalua t ion  
To develop an effective means f o r  eva lua t ing  t h e  Performance of 
t h e  v e h i c l e  f o r  v a r i o u s  pa th  s e l e c t i o n  systems, bo th  q u a n t i t a t i v e  and 
h e u r i s t i c  methods of eva lua t ion  have been enployed. 
Q u a n t i t a t i v e  Evalua t ion  
It i s  d e s i r e d  t o  desc r ibe  mathematical ly  as many important 
f e a t u r e s  of t h e  pa th  s e l e c t i o n  system as p o s s i b l e  s o  as t o  minimize 
t h e  need f o r  s u b j e c t i v e  eva lua t ions .  The fo l lowing  formula has  
been p o s t u l a t e d  so t h a t  important c h a r a c t e r i s t i c s  of a system and 
t h e i r  re la t ive importance ci?fl b e  s t a t e d  a n a l y t i c a l l y :  
3 
where D i s  t h e  f i g u r e  of m e r i t  o r  measure of d e s i r a b i l i t y  of t h e  
system, 
F.  are indexes t h a t  r ep resen t  t h e  important  c h a r a c t e r -  
1 i s t i c s ,  ny features; of t h e  system, 
W.  r ep resen t  t h e  weights of  t h e  corresponding indexes.  
Numerically,  t h e  indexes are n.umbers ranging between ze ro  
(worst case) and u n i t y ,  (optimcrn v a l u e ) ,  t h e  weights  range between 
ze ro  ( l e a s t  important)  and-un i ty ,  (most impor tan t ) ,  and t h e  f i g u r e  
of m e r i t  ranges between ze ro  ( l e a s t  d e s i r a b l e )  and u n i t y ,  (most 
d e s i r a b l e )  . 
1 
I f  t h e  weights  and indexes are a p p r o p r i a t e l y  chosen, then  t h e  
system which gene ra t e s  t h e  h ighes t  v a l u e  of D, when t h e  above 
formula i s  app l i ed ,  would be t h e  most d e s i r a b l e  system. Assuming 
t h a t  t h e  indexes chosen adequately d e s c r i b e  t h e  sys t em ' s  perform- 
ance,  t h e r e  s t i l l  remains the  s e l e c t i o n  of t h e  v a l u e s  of t h e  weights .  
A t  t h i s  po in t  i n  t i m e ,  t h e  weights have been s e l e c t e d  so  t h a t  a l l  
performance indexes a r e  assumed t o  be equa l ly  important .  
of t h e s e  weights  f o r  performance indexes n o t  equa l ly  important has  
been l e f t  f o r  f u t u r e  work. 
Adjustment 
The a c t u a l  mecha.nics of each index must now be  considered.  
T e n t a t i v e l y ,  it has been decided t h a t  t h r e e  indexes s u f f i c i e n t l y  des- 
c r i b e  v e h i c l e  performance, and ,  i f  c e r t a i n  c o n d i t i o n s  are set ,  t h e  
number of indexes may be reduced t o  two. The t h r e e  indexes are:  
( i )  Path Length - If Dm i s  t h e  d i s t a n c e  between t h e  
s t a r t i n g  p o i n t  and t h e  t a r g e t ,  and De+% is  t h e  
l e n g t h  of t h e  pa th  chosen by t h e  v e h i c l e ,  then  
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t h e  index 
i s  def ined .  
B a t t e r y  Time - If the t o t a l  t i m e  taken by t h e  v e h i c l e  
t o  reach i t s  t a r g e t  i s  c a l l e d  Te+Tm, and t h e  t i m e  t h a t  
t h e  v e h i c l e  uses  i t s  b a t t e r i e s  i s  c a l l e d  Tb, then  .the 
index ~ 
T +T -Tb e m  
T tT 
- 
e m  F2 - 
i s  def ined.  
Traverse  T i m e  - If i s  t h e  d i s t a n c e  between t h e  
v e h i c l e  and t h e  t a r g e t ,  and t h e  maximum v e l o c i t y  of 
t h e  v e h i c l e  i s  Vm, then t h e  minimum t i m e  r equ i r ed  t o  
reach  t h e  t a r g e t  i s  Tm=D&Trn3 and t h e  index 
m 
i s  def ined .  
f i r s t  index penal izes  long and/or  wandering pa ths  whi le  
~~ 
iiie secund y e n a i i z e s  t h e  s e i e c t i o n  or' p a t h s  t h a t  c o n t a i n  s t e e p  
s l o p e s ,  thereby  f o r c i n g  t h e  veh ic l e  t o  r e l y  on i t s  b a t t e r i e s  as 
w e l l  as i t s  r a d i o a c t i v e  thermal g e n e r a t o r s  (RTGs). I f  t h e  v e h i c l e  
must slow down f o r  o t h e r  reasons bes ides  s t e e p  s l o p e s  (e.g., t a c t i l e  
senso r  c o n t a c t ) ,  then t h e  system w i l l  be  pena l ized  f o r  t h i s  l o s s  of 
t i m e  through t h e  t h i r d  index. 
Heur F s t i c Eva l u a  t ion  -- 
Some important  c h a r a c t e r i s t i c s  of a system are n o t  e a s i l y  des-  
c r i b e d  i n  q u a n t i t a t i v e  form, and y e t  t h e s e  c h a r a c t e r i s t i c s  seem t o  
r e q u i r e  eva lua t ion .  The fol lowing two f e a t u r e s  f i t  i n t o  t h i s  cate- 
gory : 
( i >  
( i i )  
Sa fe ty  of Path Selected - Although t h e  s a f e t y  of t h e  
v e h i c l e  i s  of primary importance,  i t  i s  d i f f i c u l t  t o  
a n a l y t i c a l l y  desc r ibe  t h e  inhe ren t  danger t o  t h e  v e h i c l e  
p r e s e n t  i n  a se l ec t ed  path.  What i s  hoped t o  be an in -  
d i c a t i o n  of s a f e t y .  has  been implemented by count ing  t h e  
number of t i m e s  t h e  t a c t i l e  s enso r  i n d i c a t e s  t h e  v e h i c l e  
i s  about t o  encounter an obs t ac l e .  
Correc t  Performance - S i t u a t i o n s  may arise where t h e  
v e h i c l e  i s  c a l l e d  upon t o  ' n o t  succeed ' .  For example, 
i f  t h e  t a r g e t  i s  surrounded by an u n t r a v e r s a b l e  c revasse ,  
then  it would be b e t t e r  € o r  t h e  v e h i c l e  t o  g e t  ' c l o s e ' ,  
r a t h e r  than  a t tempt  t o  reach  t h e  exac t  t a r g e t .  This  
10 1 
. I  
f e a t u r e  i s  a p u r e l f h e u r i ' s t i c  ' t h a r a c t e r i s t i c ,  
any e v a l u a t i o n  in  t h i s  area would be  performed by 
humans . 
and 
Comparison of Two Path Se lec t ion  Systems 
To demonstrate t h e  use  and s imula t ion  c a p a b i l i t i e s  of t h e  computer 
s imula t ion  package, t h e  comparison of two d i f f e r e n t  pa th  s e l e c t i o n  sys- 
t e m s  w i l l  be  presented .  The comparison i s  n o t  meant t o  say which system 
i s  'good ' ,  o r  'bad ' .  Rather ,  it i s  t o  demonstrate  which system performs 
b e t t e r  f o r  t h e  p a r t i c u l a r  se t  of cond i t ions  provided i n  t h i s  s imula t ion .  
Both systems below a r r i v e d  on- ta rge t ,  b u t  i n  a d i f f e r e n t  manner. The 
two systems are desc r ibed ,  the s imula t ion  s i t u a t i o n  i s  p resen ted ,  and 
then  t h e  performance of t h e  two systems i s  shown and eva lua ted .  
(i) Path S e l e c t i o n  System 81 - The sensor  used i n  t h i s  
system i s  mounted on an  i d e a l  p la t form so  t h a t  eleva- 
t i o n  ang le s  a re  always measured wi th  r e s p e c t  t o  t h e  
p l a n e t ' s  t r u e  v e r t i c a l ,  no t  the l o c a l  s u r f a c e  ver t ica l .  
The sensor  makes 17 equa l ly  spaced range measurements 
i n  a 40° h o r i z o n t a l  scan  i n  f r o n t  of t h e  v e h i c l e .  The 
e l e v a t i o n  ang le  i s  f ixed  f o r  each measurement a t  82.4O 
from t h e  ver t ica l .  The t e r r a i n  m o d e l b u i l d s a  17 element 
go/no-go map corresponding t o  t h e  17 p o s s i b l e  pa ths  i n  
f r o n t  of t h e  v e h i c l e  by assuming t h a t  t h e  t e r r a i n  i s  
l inear from t h e  v e h i c l e  t o  t h e  range measurement impinge- 
ment p o i n t ,  and then computing t h e  s l o p e  of  t h i s  ' l i n e a r '  
terrain segment. If t h e  s lope  exceeds a c e r t a i n  t h r e s h o l d  
va iue ,  then  a no-go cond i t ion  exis ts .  i n e  normal mode ui 
t h e  p a t h - s e l e c t i o n  a lgor i thm determines which of t h e  17 
pa ths  w i l l  m o v e  t h e  v e h i c l e  toward t h e  t a r g e t  i n  t h e  
s t r a i g h t e s t  l i n e .  If a n  o b s t a c l e  l i e s  i n  t h i s  pa th ,  t hen  
t h e  f i r s t  pa th  t o  t h e  r i g h t  i s  in spec ted ,  then  t h e  f i r s t  
pa th  t o  t h e  l e f t  i s  inspec ted ,  t hen  t h e  second pa th  t o  t h e  
r i g h t ,  etc.,  u n t i l  a p a t h  i s  found i n  which no o b s t a c l e  
e x i s t s .  A s t e e r i n g  cormand i s  then  generated t o  move t h e  
v e h i c l e  on t h e  appropr i a i e  path.  If a l l  17 pa ths  con ta in  
o b s t a c l e s  , then  t h e  v e h i c l e  s t o p s ,  r o t a t e s  30' clockwise,  
and scans  new terrain f o r  a pa th  t o  fol low.  Th i s  a l t e r n a t e  
scheme i s  t h e  a l g o r i t h m ' s  emergency mode. 
-. 
( i i )  Path S e l e c t i o n  System $2 - The sensor  i n  t h i s  system i s  
a l s o  mounted on an  i d e a l  p la t form,  as i n  System-#1. The 
sensor  makes 1 7  equal ly  spaced sets of range measurements 
i n  a 40° h o r i z o n t a l  scan i n  f r o n t  of t h e  v e h i c l e .  Each 
set of range measurements i s  made a t  e l e v a t i o n  ang le s  of 
66.8' and 70.85'. The t e r r a i n  model b u i l d s  a 17  element 
go/no-go map, corresponding t o  t h e  17 p o s s i b l e  pa ths  i n  
f r o n t  of t h e  v e h i c l e ,  by s u b t r a c t i n g  one of t h e  range 
measurements i n  a s e t  from t h e  o t h e r  and comparing t h e  
d i f f e r e n c e  t o  a threshold  value.  If t h i s  va lue  i s  ex- 
ceeded, t hen  a no-go cond i t ion  exis ts .  This  t e r r a i n  model 
i s  developed i n  g r e a t e r  d e t a i l  in  Ref. 32. The normal and 
emergency modes of t h e  p a t h - s e l e c t i o n  a lgo r i thm are  t h e  
same as those  used i n  System 111. 
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The s imula t ion  s i t u a t i o n  i s  shown i n  Fig.  4 9 .  Two boulders  ~ 
5 meters i n  diameter  were placed on a s t r a i g h t  l i n e  between t h e  
v e h i c l e ' s  i n i t i a l  p o s i t i o n  and i t s  t a r g e t .  The mid-range senso r  ' 
w a s  used once every  3 seconds,  and t h e  v e h i c l e  w a s  i n i t i a l l y  poin ted  
d i r e c t l y  a t  t h e  t a r g e t .  
The performance of t h e  two systems i s  shown i n  Fig.  50 and 
Table 9, 
#2 because t h e  s l o p e  method of t e r r a i n  modeling i s  e f f e c t i v e  a t  any 
range,  whereas t h e  range d i f f e rence  method f a i l s  i f  t h e  v e h i c l e  i s  too  
c l o s e  t o  t h e  obs t ac l e .  
o b s t a c l e  and r an  i n t o  it. System Q2 s a w  t h e  o b s t a c l e ,  bu t  i n  s t e e r i n g  
around it t h e  system f a i l e d  t o  main ta in  a s a f e  d i s t a n c e .  A s  a r e s u l t ,  
System 8 2  l o s t  s i g h t  of t h e  boulder and ran i n t o  it .  
emergency mode w e r e  a v a i l a b l e ,  bo th  systems would have been unable t o  
n e g o t i a t e  t h e  o b s t a c l e  once they had run i n t o  i t ,  and t h e  v e h i c l e  
would s t o p  moving. 
System 61 d id  n o t  use i t s  emergency mode as o f t e n  as System 
On the  o the r  hand, System #1 never  s a w  t h e  
F i n a l l y ,  i f  no 
Summary 
A computer s b m l a t i o n  package has  been developed which s imula tes  
and e v a l u a t e s  t h e  performance of path s e l e c t i o n  systems. The package 
has  been designed t o  be both  r ea l i s t i c  and f l e x i b l e .  The eva lua t ion  
cr i ter ia  developed encompass both h e u r i s t i c  and q u a n t i t a t i v e  methods 
t o  i n s u r e  meaningful eva lua t ion  r e s u l t s .  F i n a l l y ,  a comparison of two 
t y p i c a l  pa th  s e l e c t i o n  systems has  been included t o  demonstrate  t h e  
c a p a b i l i t i e s  of t h e  computer s imula t ion  package. 
Fu tu re  Work 
Future  work i s  planned in  t h e  fo l lowing  t h r e e  areas: 
( i )  Continued Software Development - Work w i l l  inc lude  
sof tware  implementation of t h e  model d i s p l a y  b lock ,  
t h e  G a u s s i a n - t e r r a i n  f e a t u r e  c a p a b i l i t y  i n  t h e  t e r r a i n  
c h a r a c t e r i z a t i o n  block,  and t h e  expansion of t h e  
c a p a b i l i t i e s  of t h e  v e h i c l e  dynamics and a t t i t u d e  
b lock ,  such as t h e  sof tware  implementation of v e h i c l e  
s l ippage .  
( i i )  Refinement of Evaluat ion C r i t e r i a  - The weights  i n  
t h e  f i g u r e  of m e r i t  formula w i l l  be  a d j u s t e d  so as t o  
r e f l e c t  t h e  r e l a t i v e  importance of t h e  performance in-  
dexes t o  each o ther .  Also,  new performance indexes 
w i l l  b e  cons idered  i n  o rde r  t o  o b t a i n  more a c c u r a t e  
e v a l u a t i o n  of pa th  s e l e c t i o n  systems. 
(iii) Software Implementation of Path S e l e c t i o n  Systems - 
Implementation of systems a l r eady  a v a i l a b l e  i s  a 
l o g i c a l  ex tens ion  of r e s e a r c h  i n  t h i s  area. F i n a l l y ,  
u s ing  t h e  computer s imula t ion  package as a t o o l ,  more 
complicated and/or  s o p h i s t i c a t e d  path s e l e c t i o n  systems 
may b e  produced and eva lua ted .  
TABLE 9 
SYSTEM tOPlPAF!I SON 
PATH LENGTH(METERS)  - 
TEAVERSE TIME(SECONDS) - 
BATTERY T I M E ( S E C 0 N D S )  - 
F I G U R E  OF r ? E R I T  - 
USE OF E M E R G E N C Y  F O D E  - 
SYSTEM 1 
78 I 00 
0,972 
2 
SYSTEM 2
55 I34 
0 1934 
7 
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Task D. Chemical Analys is  of Specimens 
One important phase of the i n i t i a l  missions t o  Mars i s  t h e  search  
for organic  matter and l i v i n g  organisms on t h e  mar t i an  sur face .  
concept  f o r  a t t a i n i n g  t h i s  ob jec t ive  c o n s i s t s  of sub jec t ing  samples of t h e  
atmosphere and s u r f a c e  material t o  c e r t a i n  chemical and biochemical  r e a c t i o n s  
and t h e r e a f t e r  ana lyz ing  t h e  products  produced, probably i n  a combination gas  
chromatograph/mass spec t rometer  (GC/MS). The gas  Chromatograph i s  proposed 
f o r  s e p a r a t i n g  complex mixtures  evolved from t h e  experiments i n t o  s m a l l  groups 
of s i m i l a r  chemical spec ie s .  
accomplished i n  t h e  m a s s  spectrometer.  
The p r e s e n t  
Chemical a n a l y s i s  of t h e s e  groups would be  
Most of t h e  previous e f f o r t  has  involved t h e  systems a n a l y s i s  of 
t h e  gas  chromatograph us ing  s imula t ion ,  Ref. 33,  3 4 .  This  technique  uses  
mathematical  models, which incorpora te  fundamental parameters eva lua ted  from 
repor t ed  experiments ,  t o  exp lo re  va r ious  concepts  and t o  d i r e c t  f u r t h e r  ex- 
per imenta l  research .  
systems and improvement of t h e  mathematical  model a r e  c u r r e n t l y  be ing  s tud ied .  
Appl ica t ion  of p r i o r  work t o  multicomponent chemical 
The o b j e c t i v e s  of t h e  t a sk  have been extended t o  inc lude  pre l iminary  
s t u d i e s  of t h e  e n t i r e  chemical  a n a l y s i s  system. 
inc lude  c a r r i e r  gas  gene ra t ion  and removal, sample s i z e  and component d e t e c t -  
a b i l i t y  l i m i t s ,  and l i m i t a t i o n s  imposed by and upon t h e  mass spec t rometer .  
System t o p i c s  b e i n g  considered 
The t a s k  problems are being a t t acked  by a five-member team, each of 
whom i s  pursuing a s p e c i f i c  assignment:  
1. Mass spectrometer  s y s t e m  c h a r a c t e r i s t i c s .  
2. Carrier gas  genera t ion  and removal. 
3.  Chromatograph model eva lua t ion  us ing  multicomponent 
chemical systems. 
tograph.  
appear  as c o n s t a n t s  i n  t h e  mathematical  models. 
4.  Improvement of t h e  mathematical  model of t h e  chroma- 
5. Es t imat ion  of chromatograph column parameters  which ' 
D. 1. GC/MS System Concepts 
a. Mass Spectrometer System C h a r a c t e r i s t i c s  - M.P.Badawy 
b. Carrier Gas Generation and Removal - C.W.Jarva 
Facul ty  Advisor:  Professor  P.K. Lashmet 
The o v e r a l l  concept  of the  chemical  a n a l y s i s  system i s  shown 
schemat ica l ly  i n  Fig.  51. The i d e a  of t h e  combined gas chromatograph/ 
m a s s  spec t rometer  f o r  u s e  i n  d e t e c t i n g  l i f e  on o t h e r  p l a n e t s  has  been 
desc r ibed  by o t h e r s ,  Ref. 3 5 ,  3 6 ,  37.  The design of such a system t o  
f u n c t i o n  i n  a h o s t i l e  atmosphere r e p r e s e n t s  a formidable  problem which 
i s  s u i t a b l y  handled by system modeling and s imula t ion  by computer. For 
s imula t ion  t o  b e  e f f e c t i v e ,  i t  i s  necessary  t o  uniquely d e s c r i b e  t h e  
important  c h a r a c t e r i s t i c s  of the e n t i r e  system by a minimum number of 
v a r i a b l e s  and equat ions .  The development of t h e  governing r e l a t i o n s  
f o r  t h e  system components excluding t h e  gas  chromatograph is  the  i n i t i a l  
105 
. .  
106 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
o b j e c t i v e  of t h i s  subtask .  
It i s  t h e  purpose of t h e  mass spectrometer  t o  provide  mass , 
s p e c t r a  from t h r e e  d i f f e r e n t  inputs :  e f f l u e n t s  from t h e  gas  chroma- 
tograph;  d i r e c t  samples from t h e  l i f e -de te rmin ing  experiments;  and 
samples of t h e  atmosphere. Funct ional  requirements  f o r  t h e  Viking 
mass spec t rometer  have been def ined previous ly ,  R e f .  37, 38 and t y p i -  
c a l  s p e c i f i c a t i o n s  appear  i n  Table 10. 
Small mass spec t rometers  s u i t a b l e  f o r  a d a p t a t i o n  t o  t h e  Mars 
roving  lander  have been under development, Ref. 35 ,  38, 39, 4 0 ,  and 
p r i o r  work i s  be ing  reviewed t o  q u a n t i t a t i v e l y  r e p r e s e n t  t h e  v a r i o u s  
c h a r a c t e r i s t i c s  and l i m i t a t i o n s  of t h e  instrument .  S p e c i f i c  t o p i c s  
inc lude  t h e  fo l lowing:  
1. Mass range and r e s o l u t i o n  as a f f e c t e d  by magnetic 
f i e l d  and a c c e l e r a t i n g  vo l t age .  
2. Scan rate as a f f ec t ed  by scan method. 
3 .  E f f e c t  of ope ra t ing  p res su re  (vacuum) upon system 
performance. 
4 .  Power requirements  as  a f f e c t e d  by system parameters .  
5. Weight and volume as  a f f e c t e d  by system parameters.  
From t h e  l i t e r a t u r e ,  it i s  evident  t h a t  t h e  instrument  may be  mul t i -  
func t iona l .  For example, McMurray and Green, Ref. 4 9 ,  r e p o r t  t h a t  f a s t  
scan  rates are n o t  r equ i r ed  fo r  high r e s o l u t i o n  mass spectra whereas 
low r e s o l u t i o n  d a t a  from f a s t  scan r a t e s  may be s a t i s f a c t o r y  i n  c e r t a i n  
in s t ances .  M i n i a t u r i z a t i o n  and t h e  r e s u l t i n g  problems w i t h  t h e  power 
supply and v o l t a g e  l e v e l  are not t r i v i a l  cons ide ra t ions ,  judging from 
t h e  r epor t ed  c a t a s t r o p h i c  f a i l u r e  of one instrument  under development, 
Ref. 39. These s t u d i e s  and development programs provide  phys ica l  
l i m i t a t i o n s  of t h e  equipment, a necessary  input  f o r  proper  system ana ly-  
sis. 
&themat ica l  modeling of t h e  g ross  c h a r a c t e r i s t i c s  of t h e  m a s s  
spectrometer  has  been i n i t i a t e d ,  based on p r i o r  r e p o r t s ,  Ref. 3 8 ,  42. 
The b a s i c  r e l a t i o n  between the mass range,  a c c e l e r a t i n g  vo l t age ,  and 
magnetic f i e l d  i s  shown i n  Fig. 5 2  f o r  a s i n g l e  focus ing  instrument  
having a r a d i u s  of c u r v a t u r e  of 3.8 cm. The d e s i r e d  mass range of 
20-200 AMU corresponds t o  m/e shown i n  Fig. 52 of 0.05 t o  0.5. 
Current  work involves  the r e l a t i o n s  between r equ i r ed  input  energy 
and t h e  v a r i o u s  system parameters and ope ra t ing  mode. The processes  
occurr ing  i n  t h e  i o n i z a t i o n  chamber are be ing  i n v e s t i g a t e d  t o  relate 
ion  c u r r e n t  t o  sample  flow r a t e ,  vacuum, and a c c e l e r a t i n g  p o t e n t i a l .  A 
study of t h e  energy requirements f o r  main ta in ing  t h e  magnetic f i e l d  w i l l  
r e s u l t  i n  less power and l e s s  severe levels f o r  t h e  ope ra t ing  parameters. 
Th i s  concept w i l l  b e  considered i n  t h e s e  s t u d i e s .  
The major equa t ions  f o r  modeling f o r  spec t rometer  a r e  expected 
by t h e  end of t h e  sunnner. Component (mass spec t rometer )  and system 
(GC/MS) s imula t ion  w i l l  be  i n i t i a t e d  i n  September 1972, and major r e s u l t s  
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5 3 . - 
f o r  u s e  i n  t h e  system des ign  and t h e  o v e r a l l  system a n a l y s i s ,  Task'B, 
should be a v a i l a b l e  by March, 1973. 
Carrier gas ,  which i s  r e l a t i v e l y  i n e r t  w i t h  r e s p e c t  t o  t h e  s a m p l e s  
be ing  analyzed and which must be i n  supply f o r  an apprec i ab le  p a r t  of 
t h e  mission,  i s  r equ i r ed  t o  propel  minute samples  through t h e  column of 
t h e  gas  chromatograph, Ref. 33. On a r r i v i n g  a t  t h e  mass spec t rometer ,  
which ope ra t e s  a t  a low pressure  ( <  t o r r ) ,  t h e  major p o r t i o n  of 
t h i s  carrier gas  m u s t  be  separa ted  from t h e  sample and must be  removed 
from t h e  system. Thus t h e  systems f o r  genera t ing ,  s epa ra t ing ,  and re- 
moving t h e  carrier gas  are important t o  o v e r a l l  system des ign  and opera- 
t i on .  It i s  t h e  o b j e c t i v e  of t h i s  subtask  t o  gene ra t e  t h e  b a s i c  
c h a r a c t e r i s t i c s  and l i m i t a t i o n s  of t h e  more promising concepts  t o  a i d  
i n  t h e  des ign  of t h e  f i n a l  o v e r a l l  system. 
The q u a n t i t y  of car r ie r  gas a v a i l a b l e  on t h e  lander  depends upon 
t h e  frequency and t i m e  of opera t ion  of t h e  chromatograph. 
pe r iods  of ope ra t ion ,  s i m p l e  high-pressure gas  s t o r a g e  w i t h  d i scha rge  
t o  t h e  atmosphere a f t e r  s epa ra t ion  from t h e  samples p r i o r  t o  e n t e r i n g  
t h e  mass spec t rometer  may be  adequate'. For more f requent  o r  longer  
pe r iods  of ope ra t ion ,  a recyc l ing  o r  r egene ra t ion  technique  may b e  
advantageous. 
For s h o r t  
Because of i t s  s i m p l i c i t y  and inhe ren t  r e l i a b i l i t y ,  t h e  high-  
p r e s s u r e  gas  s t o r a g e  concept was cons idered  i n i t i a l l y .  F igure  53 shows 
t h e  es t imated  v e s s e l  s i z e  as a f u n c t i o n  of charge p res su re  and s e v e r a l  
ope ra t ing  t i m e s  f o r  a t y p i c a l  chromatographic system. Estimates of t h e  
estimates assume f ibe r - r e in fo rced ,  s h e r i c a l  c o n s t r u c t i o n  having an 
a r y  e s t i m a t e s  of t h e  weight of t h e  composite v e s s e l ,  t h e  s t o r a g e  vessel 
concept  appears  promising, s o  t h e  c a l c u l a t i o n s  are be ing  r e f i n e d  by con- 
s i d e r i n g  t h e  fo l lowing:  
mini=..z=.. t h l c h e s s  fsr t h e  v e s s e l  w2l l  2r2 she:.?: i: Fig .  54. These 
a l lowable  working stress of about 10 5 p s i ,  Ref. 4 3 .  Based on pre l imin-  
1. 
2 .  
3 .  
Hydrogen is  permeable t o  most metals cons idered  f o r  
t h e  v e s s e l  sk in .  P e r m e a - i l i t y  rates have been r epor t ed ,  
Ref. 4 4 ,  so  t h i s  e f f e c t  on gas  s t o r a g e  requirements  can 
be  considered.  
Welds, va lves ,  and o the r  c l o s u r e s  have a small b u t  
f i n i t e  leakage ra te  which w i l l  a f f e c t  t h e  gas  s t o r a g e  
requirements .  
d e t e c t i o n  l i m i t s ,  Ref. 4 5 , ' w i l X  provide  a b a s i s  -for ' 
determining  t h e  s e v e r i t y  of t h i s  e f f e c t .  
Maximum rates  based on helium l e a k  
Better working s t r e s s - d e n s i t y  information f o r  t h e  f i b e r  
r e in fo rced  m e t a l l i c  v e s s e l  must be obta ined  f o r  a re- 
l i a b l e  e s t i m a t e  of the vessel weight.  NASA-sponsored 
work i n  t h e  a r e a ,  Ref. 4 3 ,  may be  h e l p f u l .  
A carrier gas removal system must be cons idered  because t h e  opera- 
t i n g  p res su re  of the  mass spectrometer  i s  about 10-7 t i m e s  t h e  p re s su re  
expected i n  t h e  chromatograph, Ref. 4 6 .  Also,  i n  o rde r  t o  ma in ta in  an  
adequate  amount of sample  f o r  a n a l y s i s  by t h e  mass spec t rometer ,  a 
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technique f o r  concen t r a t ing  the sample must be  provided,  Ref. 47, 
48, 49. 
used as a c a r r i e r  gas ,  i s  t h e  pa l lad ium-s i lver  a l l o y  membrane t o  
main ta in  hydrogen flow, Ref. 51. This  might be  accomplished by 
r e a c t i n g  t h e  e f f l u e n t  hydrogen wi th  oxygen and removing t h e  r e s u l t i n g  
water vapor by adso rp t ion  o r  by e j e c t i o n  t o  t h e  atmosphere, Ref. 4 8 .  
U s e  of t h e  pa l l ad ium-s i lve r  a l l o y  as t h e  cathode and anode i n  a f u e l  
c e l l  o f f e r s  an  i n t e r e s t i n g  p o s s i b i l i t y .  
usage may be genera ted  by water e l e c t r o l y s i s  and then  be recovered v ia  
membrane d i f f u s i o n  and r eac t ion  wi th  hydroxyl i ons  i n  t h e  f u e l  c e l l  
e l e c t r o l y t e  as water which can b e  r e -e l ec t ro lyzed ,  R e f .  58, 52. 
~ 
Among t h e  most promising s e p a r a t o r s ,  i f  hydrogen i s  t o  be 
* 
Hydrogen f o r  c a r r i e r  gas 
Although t h e s e  systems a re  promising, problems a r i se  because of 
t h e  s t r u c t u r a l  breakdown of the pal ladium dur ing  temperature  and pres-  
s u r e  r ecyc l ing ,  Ref. 53. Furthermore, contaminat ion by halogens and 
o t h e r  chemicals reduce t h e  e f f e c t i v e n e s s  of t h e  membranes, Ref. 52. 
Other s e p a r a t i n g  techniques such as semipermeable s i l i c o n e  rubber  
membranes and supersonic  (Ryhage) s e p a r a t o r s  poss ib ly  have m e r i t .  
Upon complet ion of t h e  gas s to rage  s tudy ,  a review of t h e  c a r r i e r  
gas  removal system w i l l  be i n i t i a t e d .  Th i s  study w i l l  y i e l d  t h e  g ross  
c h a r a c t e r i s t i c s  and l i m i t a t i o n s  of proposed systems and w i l l  provide a 
b a s i s  f o r  conduct ing o v e r a l l  s y s t e m  s t u d i e s .  
gas  s t o r a g e  s tudy  w i l l  be completed i n  December, 1972 and gross  
c h a r a c t e r i s t i c s  of t h e  c a r r i e r  gas  system w i l l  be  a v a i l a b l e  i n  May, 1973. 
It i s  expected t h a t  t h e  
D.2. Chromatographic Model Evaluat ion Using Multicomponent Chemical 
systems - P . s -  K e h a  
Facul ty  Advisor:  Professor  P.K. Lashmet 
A mathematical  model composed of a system of p a r t i a l  d i f f e r e n t i a l  
equa t ions  was developed e a r l i e r  t o  r ep resen t  t h e  chromatographic column 
behavior ,  Ref. 33. Solu t ions  t o  l i n e a r i z e d  approximations of t h e  d i f -  
f e r e n t i a l  equa t ions  ob ta inea  by c lass ica l  techniques  have been r2por ted ,  
Ref. 54, 55. Because of t h e i r  complexity,  t h e  equat ions  were solved by 
assuming t h e  s a m p l e  t o  be  i n j e c t e d  as an  impulse. Using d a t a  01 t a i n e d  
from a s p e c i a l l y  cons t ruc t ed  chromatographic t e s t  f a c i l i t y ,  Ref. 56, 
Benoit  showed t h a t  convolut ion of t h e  inpu t  d a t a  w i t h  t h e  t h e o r e t i c a l  
impulse response gave a reasonable  r e p r e s e n t a t i o n  f o r  a s i n g l e  component 
i n  t h e  system, Ref. 3 4 .  It i s  t h e  o b j e c t i v e  of t h i s  subtask  t o  expe r i -  
menta l ly  v e r i f y  t h e  mathematical model f o r  multicomponent chemical sys- 
tems us ing  supe rpos i t i on  of s i n g l e  component da ta .  S p e c i f i c a l l y ,  t h e  
s i m p l i f i e d  equ i l ib r ium adsorp t ion  model, Ref. 55, i s  be ing  cons idered:  
where 
P 
0 
V 
t 
= 1 + (l/mRo) 
= dimensionless  t i m e  = v t / L  
= c a r r i e r  gas  v e l o c i t y  
= t i m e  
.- .. 
L = column length 
Pe = t h e  Pec le t  number, a dimensionless  measure of  
sample d i f f u s i o n  i n  t h e  c a r r i e r  gas  
= a thermodynamic parameter, s p e c i f i c  t o  t h e  chemical  
system considered 0 
mR 
Y = composition response t o  a u n i t  impulse 
This  model assumes t h e  gas a t  each p o i n t  t o  be i n  equ i l ib r ium w i t h  t h e  
s o l i d  adsorbent ;  i.e., t h e  column i s  ve ry  long. The Pec le t  number i s  
p r e d i c t a b l e  s i n c e  it depends only upon the  system c o n f i g u r a t i o n  and 
f l u i d  mechanics. The thermodynamic parameter m R 0  i s  s p e c i f i c  t o  t h e  
system used and i s  determined from t h e  system d a t a  us ing  a cu rve  f i t t i n g  
technique.  
P r i o r  t o  t h e  experimentat ion,  mod i f i ca t ions  t o  t h e  t e s t  f a c i l i t y  
w e r e  made t o  provide more accu ra t e  mcasurcmcnt of t h e  car r ie r  gas  flow 
rate and t h e  gas  p re s su re  w i t h i n  t h e  chromatographic column. In  ad- 
d i t i o n ,  t h e  equ i l ib r ium adsorp t ion  model above was re -eva lua ted  w i t h  
t h e  s i n g l e  component d a t a  of Benoi t ,  Ref. 3 4 ,  u s i n g  a m o r e  accep tab le  
c o r r e l a t i o n  f o r  t he  Pec le t  number (see Task D.4.). Basic conclus ions  
about  t h e  adequateness  of  t h e  model remained unchanged (see  Task D.2 
f o r  q u a n t i t a t i v e  a spec t s ) .  This p re l imina ry  work has  been documented 
i n  a r e c e n t  r e p o r t ,  Ref. 57. 
I n i t i a l  s t u d i e s  of multicomponent chemical systems involved t h e  
b i n a r y  system n-pentane/n-heptane which is  r e p r e s e n t a t i v e  of a heavy 
organic  system. A Chromosorb 102 column, desc r ibed  i n  Table  11, w a s  
u sed ,  and t h e  mixture  w a s  vaporized p r i o r  t o  e n t e r i n g  t h e  column. 
Chromatographic da t a  were obtained a t  150 and 20OoC. The composition 
of t h e  sample w a s  v a r i e d  f r m  an excess of one component t o  an excess  
of t h e  o the r .  The fo l lowing  pentane compositions (by weight)  were 
used:  loo%, 99%, 75%, 50%, 25%, I.'& O X .  
Figure  55 shows t y p i c a l  chromatographic d a t a  f o r  t h e  b i n a r y  system 
(50% by weight  pentane) a t  20OoC. 
chromatograms as p red ic t ed  from t h e  equ i l ib r ium adso rp t ion  model u s ing  
pure  component da t a  ( superpos i t ion)  and t h e  convolu t ion  procedure of 
Benoi t ,  Ref. 3 4 .  It i s  apparent  t h a t  t h e  a c t u a l  d a t a  l a g s  t h e  pre- 
d i c t e d  d a t a  i n  t i m e .  This  t rend  i s ' b b s e f v e d  f o r  both'comp-ounds over . 
t h e  e n t i r e  composition range a s  shown i n  Table 12. It i s  ev iden t  t h a t  
as t h e  component composition in  t h e  s a m p l e  becomes less ,  t h e  t i m e  l a g  
becomes g r e a t e r .  This  occurs  f o r  bo th  pentane and heptane.  Data a t  
1 5 O o C  show t h e  same t r ends ,  the d e v i a t i o n s  from s u p e r p o s i t i o n  be ing  more 
pronounced. 
Superimposed on t h e  d a t a  are t h e  
Ear l ie r  work, Ref. 55, showed t h e  parameter mRo i s  t h e  primary 
f a c t o r  a f f e c t i n g  t h e  t ime when t h e  m a x i m u m  composition appears. 
fact  t h a t  t h e  peak occurs  a t  a d i f f e r e n t  t i m e  f o r  each s a m p l e  composi- 
t i o n  sugges t s  t h a t  mRo 
The 
is  a func t ion  of composition which decreases  as 
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4 . TABLE 12 
EVALUATION OF SUPERPOSITION 
Pentane - Heptane System on kmmosorb 102 Column a t  2OO0C 
Pentane Composition 
weight percent 
0 
3 
25 . 
50 
75 
99 
100 
Pentane Peak 
seconds 
43 .O 
41.0 
39.5 
39.0 
38.5 
38.5 
Heptane Peak 
seconds 
85.0 
86.5 
89.0 
94.5 
102.0 . 
110.0 
- 
. . .  - . .  
.- 
i '  . 
t h e  composition of t h e  component decreases  (o r  as t h e  composi t ion o'f 
t h e  o t h e r  component i nc reases ) .  This  i s  n o t  s u r p r i s i n g  cons ide r ing  
t h e  p h y s i c a l  p rocesses  involved dur ing  t h e  adso rp t ion  s t e p .  Adsorb- 
e n t  s u r f a c e  coverage i s  an important f a c t o r  i n  p rocesses  involv ing  
t h e  adso rp t ion  phenomena such a s  c a t a l y s i s ,  and must be  cons idered .  
In summary, it appears  t h a t  supe rpos i t i on  o f  t h e  b a s i c  equa t ions  
i s  a n  i d e a l i z a t i o n ,  a t  l eas t  f o r  t h e  s p e c i f i c  system s t u d i e s ,  b u t  it 
offers a f i r s t - o r d e r  approximation t o  system behavior .  In t h e  immed- 
ia te  f u t u r e ,  a d d i t i o n a l  d a t a  f o r  t h e  pentane-heptane system w i l l  b e  
obta ined  on t h e  Chromosorb 102 adsorbent  a t  o t h e r  tempera tures  i n  t h e  
t h e  Carbowax 1500 adsorbent  descr ibed i n  Table 11 w i l l  b e  s tud ied .  
Th i s  column i s  fundamentally d i f f e r e n t  from t h e  Chromasorb 102 adsorb- 
e n t  ( see  Task D.3 f o r  f u r t h e r  d i s c u s s i o n ) ,  and i s  be l i eved  b e t t e r  
r ep resen ted  by t h e  system equat ions  c u r r e n t l y  being s tud ied .  
s t u d i e s  w i l l  p rovide  d a t a  t o  i n v e s t i g a t e  composi t ional  e f f e c t s  on t h e  
term mRo and w i l l  guide f u r t h e r  t h e o r e t i c a l  work. The exper imenta l  
work should be  completed i n  December, 1972, and f i n a l  a n a l y s i s  and 
e v a l u a t i o n  i s  expected by May, 1973. 
range of 50 t o  200°C. In  add i t ion ,  t h e  behavior  of t h i s -  system w i t h  
~ 
These 
D.3. Chromatograph Model Improvement - P.T.Woodrow 
Facul ty  Advisor:  Prof.  P.K. Lashmet 
In prev ious  work, Benoi t ,  Ref. 34, showed t h a t  f o r  c e r t a i n  systems, 
t h e  equ i l ib r ium adso rp t ion  model represented  f a i r l y  w e l l  s i n g l e  com- 
ponent d a t a  provided t h e  i n p u t  p u l s e  w a s  cons idered  through a convolu t ion  
procedure.  I n  o t h e r  ins rances ,  however, zgreemeiit bztvzcn the  th"nre- 
t i ca l  p r e d i c t i o n  and experimental  d a t a  was no t  as s a t i s f a c t o r y .  D i s -  
p e r s i o n  i n  t h e  gas composition e x i s t i n g  t h e  chromatographic column was 
observed g r e a t e r  than t h a t  p red ic t ed  by t h e  model. 
of t h i s  sub ta sk  t o  i n v e s t i g a t e  methods f o r  improving t h e  p r e d i c t i v e  
c a p a b i l i t y  of t h e  model. 
It i s  t h e  o b j e c t i v e  
A less restrictive s o l u t i o n  t o  t h e  system of p a r t i a l  d i f f e r e n t i a l  
equa t ions  w a s  r epor t ed  e a r l i e r ,  Ref. 58, and w a s  adapted f o r  u s e  i n  t h e  
chromatographic system s t u d i e s ,  Ref. 54. This  s o l u t i o n  does n o t  assume 
equ i l ib r ium adso rp t ion  and in t roduces  a dimensionless  mass t r a n s f e r  
parameter  Ntm. This  model, summarized i n  Table 13, w a s  developed 
b e f o r e  t h e  d a t a  r educ t ion  program and convolut ion procedure,  Ref. 34, 
were a v a i l a b l e .  Although pre l iminary  a n a l y s i s  showed t h e  model t o  be  
an improvement over t h e  equ i l ib r ium adso rp t ion  model, R e f .  54, i t  w a s  
n o t  eva lua ted  w i t h  t h e  s i n g l e  component da ta .  
Ini t ia l  a t t empt s  t o  eva lua te  t h e  o r i g i n a l  mathematical  model, 
R e f .  54, us ing  t h e  convolut ion procedure showed t h e  c a l c u l a t i o n s  t o  be  
u n s t a b l e  f o r  v a r i o u s  values of t h e  parameters  Pe, NtOG, and mRg. 
Numerical c a l c u l a t i o n s  f o r  t h i s  model were reprogrammed us ing  d i f f e r e n t  
numerical  t echniques ,  Ref. 57, and previous  computa t iona l  problems were 
solved. 
Representa t ion  of t h e  twenty sets  of  s i n g l e  component d a t a ,  
R e f .  3 4 ,  57,  by t h e  nonequi l ibr ium and equ i l ib r ium models are summarized 
i n  Table  14. The adequacy of t h e  models i s  measured by t h e  average 
squared d e v i a t i o n  between the p a r t i c u l a r  model 's  convolved response and 
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TABLE 14 
COMPARISON OF EQUILIBRnrrYl AND NON-EQUILIBRIUM 
ADSORPTION MODELS WITH CHROMATOGWHIC DATA , 
Equilibrium Non-Equilibrium 
Squared Dev. Squared Dev. 
L Model Avg. Model Avg. I System Column 
Nitrogen, 200C Molecular Sieve 0.00743 O.OC@tl 
0.00486 0.00~0 Oxygen, 20Oc t I  
Pentane! 9500C Chromsorb 102 0 . 0 0 0 ~ 5  0.000580 
Pentane, 20WC 
Heptane, l5OOC 
Reptane, 200Oc 
Acetone, l 2 5 O C  
Acetone, 100°C 
I t  
11 
0.000192 0.000195 
0.000481 0.000464 
I 0.000228 0.000202 I1 
0.. 00086 3 
e. ec\oo387 1 
o.0000266 0 . 0 0 0 0 ~ 0  
0.OO00104 0.0000108 
Acetone, l 2 5 O C  11 
Acetone, 150°C lt 
Acetone, 1 7 5 O C  
- 
lt 0.0000051 0. oocs046 
Acetone, 200% 
Ethylene, 2OoC 
It 
I1 
0 . 0 0 0 0 4 ~  O.OO~i>406  
0.0130 0.0122 
Ethylene, 2 8 O C  
Ethylene, 5OOC 
Ethylene, 7 5 O C  
0.0141 It 
11 0.0296 
0.0132 
0.0283 
11 0.0560 0 0539 
Ethylene, lOOOC 1t . - 0 0747 0.0730 
0 0797 0.0781 Ethylene, l25OC 11 
Ethylene, 150% 11 - 0.0867 0.0853 
Ethylene, 175Oc 0.0828 0 0769 
120 
a , .. - -
t h e  a c t u a l  ou tpu t  data .  This  squared d e v i a t i o n  i s  obta ined  over  
t h a t  p o r t i o n  of t i m e  where f i n i t e  responses  occur ,  n o t  Over t h e  
e n t i r e  t i m e  domain. Table 14 may be s u m a r i z e d  a s  fo l lows:  
’ 
1. 
2. 
3.  
4. 
5 .  
Both models perform s i m i l a r l y  w i t h  r e s p e c t  t o  t h e  
p r e d i c t i o n  of output chromatograms. 
The p r e d i c t i o n s  f o r  t h e  ace tone  system are s u p e r i o r  
t o  p r e d i c t i o n s  f o r  o ther  systems. 
P r e d i c t i o n s  f o r  t h e  e thy lene  system are t h e  worst  
of a l l .  
The improvement i n  p red ic t ion  by inc luding  a f i n i t e  
v a l u e  of  NtOG 
a t  least f o r  t h e  condi t ions  s tud ied .  Equi l ibr ium 
adso rp t ion  impl i e s  an i n f i n i t e  v a l u e  f o r  
whereas i n  t h e  experiments of Table 14, t h e  va lue  
ranged from 62,000 t o  148,000. It appears  f o r  t h e s e  
v a l u e s  of N t O G  t ha t  adso rp t ion  equ i l ib r ium i s  
approached. Under o ther  c i rcumstances,  e.g., w i t h  a 
much s h o r t e r  column, t h e  terms involv ing  N t E  w i l l  
have more inf luence  on t h e  p r e d i c t i o n .  
i n  the  system model  i s  a t  b e s t  minor, 
NtOG, 
Within each system group, e s p e c i a l l y  ace tone  and 
e thy lene ,  t h e  qua l i t y  of p r e d i c t  ion depends s t r o n g l y  
upon temperature.  For ace tone ,  heptane  and pentane,  
t h e  model r ep resen ta t ion  improves as  t h e  temperature  
inc reases ,  whereas f o r  e thy lene ,  t h e  t r end  i s  oppos i te .  
Th i s  implies  d i f f e r e n t  mechanisms c o n t r o l l i n g  t h e  
adsorp t ion-desorp t ion- t ranspor t  p rocess  are involved 
and t h a t  f u r t h e r  m o d e l  improvement i s  requi red .  
In  a d d i t i o n  t o  comparing t h e  models w i t h  da t a ,  i t  w a s  shown t h a t  
t h e  moment a n a l y s i s  as out l ined  by Voytus, Ref. 5 5 ,  and Taylor ,  Ref. 5 4 ,  
i s  v a l i d .  This  sugges ts  t h a t  t h e  g r o s s  c h a r a c t e r i s t i c s  of t h e  chromato- 
gram -- t h e  mean, t h e  mode, and an estimate of t h e  d i s p e r s i o n  -- can  be 
es t imated  d i r e c t l y  from t h e  Laplace t ransforms of t h e  b a s i c  d i f f e r e n t i a l  
equat ions ,  wi thout  r e s o r t i n g  t o  t h e  f i n a l  a n a l y t i c a l  s o l u t i o n .  
The p r e s e n t  models r ep resen t  f a i r l y  w e l l  t h e  chromatograms of 
ace tone ,  pentane,  and heptane on Chromosorb 102. In t h e  l i g h t  g a s  
systems -- e thy lene ,  n i t rogen ,  and oxygen -- agreement between t h e  
t h e o r e t i c a l  p r e d i c t i o n  and experimental  d a t a  are no t  as s a t i s f a c t o r y ,  
sugges t ing  t h a t  o the r  t r anspor t  p rocesses  have n o t  been included i n  t h e  
model. It i s  noted t h a t  t h e  adsorbent  used, Chromosorb 102 i n  most 
cases and Molecular Sieve 5 A  i n  two experiments ,  are porous. The l i g h t e r  
materials,  such as e thy lene ,  n i t r o g e n ,  and oxygen, may adsorb i n t e r n a l l y  
w i t h i n  t h e  adsorbent  p a r t i c l e s ,  whereas t h e  l a r g e r  ace tone ,  pentane,  and 
heptane  may be  conf ined  t o  t h e  e x t e r n a l  adsorbent  su r face .  Thus t h e  
process  of i n t r a p a r t i c l e  d i f f u s i o n ,  which w a s  neg lec t ed  i n  t h e  model 
d e r i v a t i o n ,  may be apprec iab le  and hence r e spons ib l e  f o r  t h e  observed 
d i sc repanc ie s .  This  a d d i t i o n a l  mechanism i s  f u r t h e r  suggested from an  
examination of t h e  temperature behavior  of t h e  thermodynamic parameter  
mRo. Over t h e  tempera ture  range cons idered ,  t h e  a c t i v a t i o n  energy f o r  
12 1 
I 
I 
I 
1 
I 
1 
u 
I 
I 
I 
I 
I 
1 
1 
I 
1 
I 
I 
d. 
mRo f o r  t h e  ace tone  system is of t h e  o r d e r  of 6 kcal/mole,  an  
i n d i c a t i o n  t h a t  t h e  c o n t r o l l i n g  mechanism i s  probably a phys ica l  
adso rp t ion  process  as proposed by t h e  model. For t h e  e thy lene  
system, t h e  corresponding a c t i v a t i o n  energy varies from about 1.5 
kcal /mole a t  1 7 5 O C  t o  4 kcal/mole a t  28OC. 
(a  low a c t i v a t i o n  energy process)  superimposed upon phys ica l  adsorp- 
t i o n  (a h igh  a c t i v a t i o n  energy p rocess )  would e x h i b i t  such temperature  
behavior ,  w i th  t h e  adso rp t ion  process  c o n t r o l l i n g  a t  t h e  lower tempera-  
t u r e s .  The e f f e c t  of temperature  upon t h e  q u a l i t y  of p r e d i c t i o n  f o r  
t h e  e thy lene  d a t a  given i n  Table 14 f u r t h e r  s u b s t a n t i a t e s  such a pro- 
posal. 
' 
I n t r a p a r t i c l e  d i f f u s i o n  
Work i n  t h e  immediate f u t u r e  w i l l  i nco rpora t e  i n t r a p a r t i c l e  d i f -  
f u s i o n  i n t o  t h e  mathematical  models. Cons idera t ion  of t h i s  d i f f u s i o n  
f u r t h e r  cmplicates  t h e  mathematical  models, and a workable,  a n a l y t i c a l  
s o l u t i o n  may n o t  be  obta ined .  If t h i s  i s  t h e  case, d i r e c t  numerical  
t echniques  w i l l  b e  employed. 
subsequent ly  be eva lua ted  wi th  t h e  exper imenta l  d a t a  t o  e s t a b l i s h  t h e  
importance of t h i s  mechanism. 
The r e s u l t i n g  mathematical  model w i l l  
D . 4 .  Transpor t  Parameter Est imat ion - P.K. Lashmet 
Mathematical  r e p r e s e n t a t i o n  of t h e  chromatograph r e q u i r e s  a p r i o r i  
estimates of t h e  t r a n s p o r t  parameters Pe  and NtOG as w e l l  as-other 
p r o p e r t i e s  which depend upon the  complexity of t h e  mathematical  model. 
Th i s  t a s k  has  a s  i t s  o b j e c t i v e  t h e  development of s u i t a b l y  accu ra t e  
methods f o r  e s t i m a t i n g  t h e  above two parameters.  
The Peclet number, which is  a dimensionless  measure of d i f f u s i o n  
of t h e  sample  i n  t h e  d i r e c t i o n  of car r ie r  gas flow, is  def ined  as 
Pe = v L/D 
where 
V = mean v e l o c i t y  of t h e  c a r r i e r  gas  
L = l eng th  of chromatographic column 
D = effective d i f f u s i o n  o r  d i s p e r s i o n  c o e f f i c i e n t  
This  P e c l e t  number i s  a func t ion  of t h e  f l u i d  mechanics of t h e  system 
as w e l l  as t h e  phys ica l  p r o p e r t i e s  of t h e  chemical  sample and c a r r i e r  
gas.  A s  a f i rs t  approximation, t h e  dimensionless  Reynolds number Re 
and Schmidt number Sc r ep resen t  t h e s e  e f f e c t s :  
where 
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d = diameter  of par t ic le  
p = carrier gas  d e n s i t y  
/oJ = carrier gas v i s c o s i t y  
= molecular  d i f f u s i v i t y  of sample  i n  carrier gas DM 
P r i o r  a t tempts  t o  compute t h e  Peclet number from t h e o r e t i c a l  
c o n s i d e r a t i o n s  and o t h e r  measured t r a n s p o r t  p r o p e r t i e s  of t h e  system 
were n o t  completely success fu l ,  Ref. 59. In t h e  meantime, numerous 
sets of exper imenta l  P e c l e t  number d a t a ,  bo th  publ i shed  and unpubl ished,  
have been obtained: 
d a t a ,  Ref. 60, appears  adequate f o r  t h e  p re sen t  s t u d i e s .  Fu r the r  work 
on t h i s  s u b j e c t  w i l l  inc lude  an e v a l u a t i o n  of t h e  c o r r e l a t i o n  us ing  
o t h e r  a v a i l a b l e  d a t a  and an estimate of t h e  u n c e r t a i n t y  i n  p r e d i c t i n g  
t h e  Pec le t  number. 
Also a c o r r e l a t i o n  based on two a d d i t i o n a l  sets of 
P red ic t ion  of t h e  number of t r a n s f e r  u n i t s  NtOG w a s  d i scussed  
ea r l i e r ,  Ref. 32. This  c o r r e l a t i o n  which app l i ed  t o  f lu- id  flow around 
s i n g l e  p a r t i c l e s ,  w a s  ex t r apo la t ed  t o  t h e  m u l t i p a r t i c l e  column of t h e  
chromatograph. This  w a s  somewhat unce r t a in ,  and o t h e r  c o r r e l a t i o n s  
w e r e  i nves t iga t ed .  A p r e d i c t i v e  method f o r  l i q u i d s  i n  packed beds,  
Ref. 61, w a s  compared w i t h  a v a i l a b l e  d a t a  f o r  gaseous sytems and was 
found accep tab le  f o r  t h i s  p r o j e c t .  
These p r e d i c t i o n  techniques have been computerized t o  reduce t h e  
data.  r educ t ion  e f f o r t .  Both p r e d i c t i o n  methods r e q u i r e  va lues  of t h e  
Schmidt number S c ,  and a sepa ra t e  e s t ima t ing  procedure based on t h e  
t h e o r e t i c a l  work of Bi rd ,  H i r sch fe lde r  and C u r t i s s ,  Ref. 62 and o t h e r s ,  
which uses  measured p h y s i c a l  p r o p e r t i e s  has  been developed and i s  
ope ra t iona l .  
This  t a s k  'is e s s e n t i a l l y  complete. The remaining e f f o r t  involves  
e s t ima t ing  u n c e r t a i n t i e s  f o r  t h e  p r e d i c t i o n s  and complet ing a t e c h n i c a l  
r e p o r t  on t h e  sub jec t .  
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